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ELUCIDATING THE ROLE OF GSK3 IN SYNAPTIC DEFICITS IN FRAGILE X 
SYNDROME  

 
AIMEE V FRANKLIN 

 
NEUROSCIENCE 

 
ABSTRACT  

 
 Fragile X Syndrome (FX) is the most common inherited form of mental 

retardation. Prominent characteristics of FX are mimicked in a mouse model with deleted 

fmr1 including hyperactivity, anxiety, developmental delay and social deficits. Addition-

ally, FX mice display deficits in n-methyl-d-aspartate receptor (NMDAR) dependent 

long-term potentiation (LTP) at medial perforant path synapses onto dentate granule cells 

(MPP-DGC synapses). Because LTP is a cellular correlate of learning and memory, defi-

cits in LTP at this synapse are thought to underlie impairments in pattern separation, a 

form of learning and memory dependent on proper DG function. Identifying the patho-

logical mechanisms that cause impaired synaptic plasticity will aid in the development of 

novel therapeutic targets and treatments in FX.  

The activity of glycogen synthase kinase-3 (GSK3) is enhanced in hippocampus 

of FX mice. Accordingly, treatment with the GSK3 inhibitor lithium corrects several be-

havioral phenotypes in FX mice. In order to investigate whether hyperactive GSK3 is 

causally related to the deficit in LTP at MPP-DGC synapses, we utilized FX mice and 

assessed the magnitude of LTP in the presence of lithium and CT99021, GSK3 inhibitors. 

We find that acute inhibition of GSK3 reverses deficits in LTP and steady-state depolari-

zation (SSD) during high frequency stimulation but fails to rescue NMDAR hypofunction 

during SSD. Importantly, blockade of mGluRs, which rescues many of the phenotypes in 

FX mice, fails to rescue LTP at MPP-DGC. In order to identify whether HDAC3, a 
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downstream target of GSK3, contributes to LTP deficits in FX mice we assessed the 

magnitude of LTP in the presence of a selective HDAC3 inhibitor. We find that HDAC3 

inhibition fails to rescue LTP deficits in FX mice. However, non-selective HDAC inhibi-

tion and selective HDAC3 inhibition enhance LTP at MPP-DGC synapses in WT mice. 

These results suggest that FMRP is required for enhanced LTP following HDAC inhibi-

tion. Overall, these findings establish that synaptic deficits in FX can be reversed by in-

terventions with GSK3 inhibitors, which may prove beneficial in the treatment of cogni-

tive symptoms in FX. Furthermore, these findings identify a novel role for FMRP which 

may lead to a better understanding of disease pathology in FX.  
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INTRODUCTION 

Fragile X Syndrome 

Since the discovery that a mutation in a single gene, fragile x mental retardation 

1(fmr1), is responsible for Fragile X Syndrome (FX) (Fryns et al., 1984; Fu et al., 1991; 

Pieretti et al., 1991), two decades of studies have searched for adequate treatments for 

impaired cognition to no avail. FX is a neurodevelopmental disorder that is the most 

frequently inherited form of mental retardation caused by a single gene defect. Because it 

is an X-linked disorder, FX has a higher occurrence rate in males versus females, 

affecting approximately 1:3000-5000 males and 1:4000-6000 females (Coffee et al., 

2009). Transmission to female offspring can occur when either parent is affected whereas 

transmission to male offspring occurs when only the female parent is affected.  Fmr1 is 

located on the long arm of the X chromosome and contains up to 45 CGG repeats with 

AGG repeats interspersed in the 5’UTR of the promoter in unaffected individuals 

(Maddalena et al., 2001). Over 98% of reported cases of FX result from an expansion 

repeat of CGG and concomitant decrease in AAG, which normally provide DNA 

stability. An expansion with 45-54 repeats is considered a gray zone and individuals are 

typically unaffected.  However 55-200, considered a pre-mutation, alters mRNA 

translation (Feng et al., 1995). A full mutation results when over 230 repeats accumulate 

(Maddalena et al., 2001). The presence of excessive repeats leads to a thinning of the X 

chromosome causing a “fragile” appearance, hence the name “Fragile X Syndrome”. The 
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full mutation results in hypermethylation at the expanded CpG islands that completely 

prevents gene transcription and ultimately results in loss of the protein product, Fragile X 

Mental Retardation Protein (FMRP) (Sutcliffe et al., 1992).  

Because FMRP is expressed throughout the body (Hinds et al., 1993), lack of 

FMRP results in diverse physical and behavioral alterations in addition to cognitive 

impairments. Physical symptoms in FX patients include elongated ears and face, flat feet, 

low muscle tone and macroorchidism. Behavioral abnormalities can range from mild to 

severe and include hyperactivity, inattentiveness, seizures, anxiety, sleep disturbances, 

visuo-spatial processing deficits and autistic-like behaviors (Cordeiro et al., 2011). 

Additionally, analysis of post-mortem tissue in early studies revealed numerical and 

morphological abnormalities in dendritic spines in cortex of males afflicted with FX. 

Studies show that while the density of neurons remains the same, the number of dendritic 

spines is dramatically increased. Furthermore, the morphology of the spines is long and 

spiney, which is characteristic of immature spines (Rudelli et al., 1985; Hinton et al., 

1991; Irwin et al., 2001).   

FMRP is an RNA binding protein that regulates translation of over 800 mRNA 

(Darnell et al., 2011) targets and binds to approximately 4% of the mRNA in the 

mammalian brain (Brown et al., 2001). It is located in dendritic shafts and spines, which 

positions it to target genes involved in synaptic signaling. It contains three RNA-binding 

domains (Ashley et al., 1993; Siomi et al., 1993) and suppresses translation of mRNA by 

preventing either initiation or elongation (Bagni and Greenough, 2005; Bhakar et al., 

2012; Santoro et al., 2012). Therefore, basal protein synthesis of hundreds of proteins is 
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unregulated in FX, causing a global increase in translation. Importantly, high throughput 

cross-linking immunoprecipitation (HITS-CLIP) assays have recently discovered that of 

the 800 targets, 347 genes are synaptically expressed (Darnell et al., 2011) and include 

mRNA’s that encode for 58 genes in the NMDAR complex, 3 genes in the AMPAR 

complex, and 32 genes in the mGluR5 complex. NMDA, AMPA, and mGlu5 receptors 

all play integral roles in the induction and expression of long-term potentiation (LTP) and 

long term depression (LTD), implicating FMRP as a translational regulator of synaptic 

plasticity (Darnell et al., 2011; Sidorov et al., 2013).  

Synaptic Plasticity 

It is generally accepted that memory is processed and stored via alterations in 

neuronal connections in the nervous system. A unique feature of neurons, the principal 

cells of the nervous system, is their ability to transmit information to adjacent neurons 

through electrical or chemical (neurotransmitter release) signals. Electrochemical 

communication between neurons primarily occurs at synapses which are particularly 

suited for memory formation and storage due to their ability to modify the strength of 

connections based on prior experience (or input). Changes in synaptic strength can last 

for only seconds to minutes (short-term plasticity) or can persist up to the life time of an 

organism (long-term plasticity) (Kandel, 2001; Dudai, 2004).  Long-term potentiation 

(LTP) is the most widely studied form of long-term synaptic plasticity and most heavily 

implicated as a cellular mechanism underlying learning and memory.  
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Long-term potentiation 

LTP is persistent increase in synaptic strength (Bliss and Gardner-Medwin, 1973; 

Bliss and Collingridge, 1993). It is triggered by activation of NMDARs (Collingridge, 

1987). NMDARs are ligand (glutamate) gated ion channels that are also voltage 

dependent. At resting membrane potentials, magnesium (Mg
2+

) blocks the pore thus 

preventing ion flow. The Mg
2+

 block is dispelled after post-synaptic depolarization 

(primarily achieved by influx of sodium (Na
+
) through AMPA receptors) allowing an 

influx of calcium (Ca
2+

) into the post-synaptic cell (Mayer et al., 1984; Nowak et al., 

1984). The robust and rapid increase in Ca
2+ 

leads to activation s Ca
2+

/calmodulin-

dependent protein kinase II (CaMKII), an essential regulator of LTP (Lisman et al., 

2002). CamKII activation initiates several signaling cascades that ultimately lead to the 

expression of LTP. Several mechanisms can contribute to LTP expression, like changes 

in pre-synaptic release probability (Zakharenko et al., 2003) or structural changes 

(Lisman, 2003a), however the best understood mechanism is an enhanced post-synaptic 

response to pre-synaptic glutamate release due to increased AMPA receptors in the PSD 

(Lisman, 2003b; Nicoll, 2003). 

LTP can be experimentally induced using a variety of stimulation patterns. The 

two most commonly used protocols in experimental set-ups are high frequency tetanus 

(HFS) and theta burst stimulation (TBS). HFS consists of a single or multiple rounds of 

100 Hz stimulation lasting between 0.5 to 1 second, whereas TBS is multiple trains of 10 

stimulus bursts at 5 Hz separated by 20 seconds.  

It is important to note that non-NMDAR forms of LTP have been observed 

experimentally. Delivery of a 200 Hz tetanus elicits potentiation that is insensitive to 
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NMDAR antagonists (Grover and Teyler, 1990). Injection of voltage-gated calcium 

channel (VGCC) inhibitors or Ca
2+ 

chelators into the post-synaptic cell prevents 

induction of 200 Hz LTP. Therefore the current theory explaining 200 Hz LTP induction 

is that the strong stimulus intensity provides sufficient post-synaptic depolarization to 

activate non-NMDA VGCCs (Grover and Teyler, 1990). Application of 

tertraethylammonium (TEA
+
) induces a form on NMDA-independent form of 

potentiation called LTPk (Aniksztejn and Ben-Ari, 1991; Powell et al., 1994). Similar to 

200 Hz LTP, LTPk is blocked by injection of VGCC inhibitors and Ca
2+ 

chelators in the 

post-synaptic cell. It is likely that enhanced depolarization due to blocked K
+
 flow is 

sufficient to activate VGCCs thus allowing Ca
2+ 

influx into the post-synaptic cell. Ca
2+

 

then triggers necessary signaling cascades to express LTP. Finally, LTP at mossy fiber 

synapses in CA3 of hippocampus is NMDA-independent. There is much debate regarding 

the precise mechanism however it is generally agreed upon that the locus for induction is 

in the pre-synaptic terminal (Zalutsky and Nicoll, 1990). 

Long-term depression 

Long-term depression (LTD) is defined as persistent weakening of synaptic 

strength. LTD is commonly induced by delivering low frequency stimulation (LFS: 900 

pulses, 1Hz). Like LTP, the most widely studied form of LTD is NMDAR-dependent and 

triggered by influx of Ca
2+

 into the post-synaptic cell. The distinction between LTP and 

LTD lies in the specific signaling cascade activated by Ca
2+

. When an LTP inducing 

stimulus is applied, there is a robust but brief influx of Ca
2+  

through NMDARs which 

leads to of CamKII (Lisman et al., 2002)(discussed previously). However, pre-synaptic 

activity that results in modest Ca
2+ 

influx over a sustained period of time activates protein 
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phosphatase-1 (PP1). PP1 activation eventually leads to a removal or internalization of 

AMPARs, thus resulting in a decrease in post-synaptic response during synaptic 

transmission (Malenka and Bear, 2004).  

Several forms of NMDA-independent forms of LTD have been observed 

experimentally. These are mainly mediated by G protein-coupled receptors. Activation of 

Group 1 metabotropic glutamate receptors (mGluRs) leads to extracellular regulated 

kinase (ERK) activation and AMPAR internalization (Snyder et al., 2001; Volk et al., 

2007), termed mGluR-LTD. Similar to mGluR-LTD, activation of muscarinic 

acetylcholine receptors (mAchRs) induces mLTD which is also coupled to ERK 

activation and requires AMPA internalization (Volk et al., 2007; Scheiderer et al., 2008). 

Finally, activation of α-1 adrenergic receptors activates ERK and induces LTD termed 

NE-LTD (Scheiderer et al., 2008). 

Hippocampus 

While synaptic plasticity is observed at synapses in many brain regions, it has 

been most extensively studied in the hippocampus due to the integral role of hippocampal 

function in cognitive processing and memory consolidation (Scoville and Milner, 1957; 

Milner, 1972). The earliest indications of the relationship between the hippocampus and 

cognition came from the study of patient H.M who suffered from temporal lobe epilepsy. 

To alleviate seizures, parts of hippocampus and amygdala were surgically resected, and 

as a result, H.M. suffered from anterograde amnesia of episodic and semantic memory, 

while his short-term and procedural memory remained intact (Corkin, 2002), 

demonstrating that hippocampus was required for these cognitive functions. Additional 
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studies from patients and animal models over several decades have confirmed these 

findings and solidified the role of hippocampus in declarative memory formation.  

The hippocampal formation is divided into distinct subregions: dentate gyrus 

(DG), CA1, CA2, CA3, and CA4 with each subregion containing specific synaptic 

connections and contributing uniquely to memory formation. Sensory information to be 

processed enters the hippocampus from the entorhinal cortex via the perforant path. 

Perforant path projections synapse primarily in two locations, dentate granule cells or 

distal dendrites of CA1 pyramidal neurons (forming temporoammonic-CA1 synapses; 

TA-CA1). Information propagated to DG is processed through the hippocampus via the 

trisynaptic circuit which consists of synaptic connections onto three major principal 

neurons: dentate granule cells, CA3 pyramidal neurons, and CA1 pyramidal neurons. 

Briefly, medial and lateral perforant path projections from EC synapse onto dentate 

granule cells (forming the medial/lateral perforant path dentate granule cell synapses: 

MPP-DGC or LPP-DGC) which send their projections via mossy fibers to CA3 

pyramidal neurons. CA3 pyramidal cells synapse onto CA1 pyramidal neurons along the 

Schaffer collateral pathway (CA3-CA1 synapses). Information processed through the 

trisynaptic circuit is then projected back to EC directly or indirectly via subiculum 

(Figure 1) (Deng et al., 2010).  

Initial studies investigating the role of hippocampus in learning and memory 

processing often relied on complete hippopcampal lesions or pharmacological 

inactivation. While these studies confirmed the role of hippocampus in processing space, 

time, and sensory perception, they did not account for the possibility of individual 

contributions from the specialized subregions (Kesner et al., 2004). While there is now a 
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general consensus that each subregion performs specific functions it is important to note 

that there is still much debate about the precise functions of each region. However 

numerous studies using focal lesions, electrophysiological recordings and computational 

models have provided insight into individual processing roles. In fact, several studies 

have demonstrated that DG is responsible for orthogonalization of sensory inputs and 

spatial pattern separation. Additionally, studies suggest that CA3 also assists in spatial 

pattern separation in addition to spatial pattern completion, short-term memory, and 

novelty detection, whereas CA1 is heavily involved in processing temporal information 

and intermediate-term memory (Marr, 1971; O'Reilly and McClelland, 1994; Rolls, 1996; 

Eichenbaum et al., 1999; Tanila, 1999; Kesner et al., 2004; Rolls and Kesner, 2006).  

Animal Models of FX 

Drosophila (Wan et al., 2000; Zhang et al., 2001) and mouse (Bakker, 1994) 

models have been developed in order to dissect the underlying pathophysiology of FX. 

Because insertion of CGG repeats does not result in hypermethylation or gene silencing 

in these models (Brouwer et al., 2007), Fmr1 (mouse) or dmf1 (drosophlia) must be 

deleted or inactivated in order to mimic FX. The Fmr1 -/- mouse (FX mouse) is the most 

commonly used model as it recapitulates many of the characteristics of FX including, 

macroorchidism, increased locomoter hyperactivity, stereotypic movements, seizure 

susceptibility, and decreased sociability as well as increased spine density and altered 

morphology (Musumeci et al., 2000; Nielson et al., 2002; Spencer et al., 2005; Brennan 

et al., 2006; Gibson et al., 2008). Due to the alterations in dendritic spines (Liu et al., 

2012) and the intimate relationship between FMRP and several receptors essential for 
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synaptic plasticity and cognition (Darnell et al., 2011), namely NMDRs, it was expected 

that FX mice would display robust deficits in NMDAR-dependent plasticity and 

cognition. However, these predicted characteristics proved difficult to elucidate. Initially, 

studies focused on area CA1 of hippocampus and reported that NMDAR-dependent LTP 

(induced using strong HFS or TBS) and LTD (induced using LFS) at CA3-CA1 synapses 

was normal in adult FX mice (Godfraind et al., 1996). Accordingly, FX mice performed 

normally or with mild impairments in CA1-dependent cognitive tasks, such as radial arm 

maze, operant conditioning paradigms, contextual and conditioned fear memory, and 

Morris water maze (Bakker, 1994; Kooy et al., 1996; D'Hooge et al., 1997; Fisch et al., 

1999; Paradee et al., 1999; Dobkin et al., 2000; Peier et al., 2000; Mineur et al., 2002; 

Yan et al., 2004; Baker et al., 2010). It is important to mention that a few studies have 

now observed impairments in LTP at CA3-CA1 synapses induced using weak stimulation 

protocols (Lauterborn et al., 2007; Hu et al., 2008; Shang et al., 2009) in FX mice. 

However, it is likely that the induction protocols utilized to elicit LTP in these studies 

induce forms of plasticity that share a similar expression mechanism with traditional 

NMDAR-dependent LTP but are mediated by different signaling cascades (Shang et al., 

2009). While NMDAR-dependent plasticity at CA3-CA1 synapses was unaffected in FX 

mice, expression of metabotropic glutamate receptor dependent long term depression 

(mGluR-LTD) was significantly enhanced compared to wild type littermates (Huber et 

al., 2002). This led investigators to propose the mGluR Theory of FX (Bear et al., 2004) 

(described in detail below).  

Recently, two independent studies reported the much anticipated discovery that 

both NMDAR-dependent long term potentiation (LTP) and long term depression (LTD) 
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are deficient at medial perforant path-dentate granule cell (MPP-DGC) synapses in FX 

mice (Yun and Trommer, 2011; Eadie et al., 2012). Furthermore, these deficits are 

associated with NMDAR hypofunction and impaired context discrimination, a model of 

pattern separation dependent on functional NMDARs in DG (McHugh et al., 2007; Eadie 

et al., 2012).  This is the first study to discover hippocampal cognitive deficits coupled 

with synaptic deficits in a mouse model of FX. 

mGluR Theory of Fragile X 

Initial studies in FX were aimed at trying to understand the function of FMRP in 

order to gain insight into why its absence causes such a wide variety of symptoms. These 

studies revealed that activation of Group 1 mGluRs could robustly induce the synthesis of 

FMRP in synaptoneurosomes (Weiler et al., 1997). This sparked over a decade’s worth of 

research focused on understanding the role of mGluRs in FX. Because mGluR activation 

stimulates FMRP, it was initially suggested that mGluR function might be impaired due 

to the loss of FMRP. Surprisingly, investigations of mGluR-LTD revealed that mGluR 

signaling was not only intact but significantly enhanced. Studies showed that after 

application of DHPG, an exogenous agonist of Group I mGluR’s, mGluR-LTD was 

increased at CA3-CA1 synapses in FX mice when compared to WT littermates (Huber et 

al., 2002). The proposed explanation for this unexpected finding, that still holds merit 

today, was that under normal conditions, mGluR activation initiates synthesis of many 

proteins including the translational suppressor FMRP, which acts as regulatory feedback 

mechanism to constrain protein synthesis. When FMRP is absent, protein synthesis 

stimulated by mGluR activation is uninhibited, therefore mGluR signaling is enhanced 
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and can manifest as enhanced, mGluR-LTD (Bear et al., 2004). In support of this idea, 

the enhanced mGluR-LTD no longer requires synthesis of new proteins, presumably 

because required proteins are already present due to unrestricted translation (Huber et al., 

2002).  This led Bear and colleagues to propose the mGluR Theory of FX with the idea 

that signaling through mGluR5 (a member of the Group 1 family of mGluRs) is 

pathologically enhanced and dampened mGluR signaling would repair the irregularities 

in FX.  Indeed, genetic reduction of mGluR5 decreases signaling and corrects several 

behavioral and morphological phenotypes in FX mice including deficits in ocular 

dominance plasticity, inhibitory avoidance extinction, and reversed enhancement of 

dendritic spines, basal protein synthesis, seizure susceptibility (Dolen et al., 2007) 

However, this theory does not entirely explain all of the phenotypes, as mGluR5 

reduction or complete removal does not reverse macroordchidism in FX mice (Dolen et 

al., 2007). Furthermore, there still remains no identified connection between enhanced 

mGluR-LTD and impaired cognition.  

Glycogen Synthase Kinase-3 

Glycogen synthase kinase-3, originally named for its role in glycogen metabolism 

(Embi et al., 1980), is a serine threonine kinase that regulates a myriad of cellular 

functions including cell adhesion, cell division, gene transcription, cell structure, and cell 

survival (Frame and Cohen, 2001). GSK3 is ubiquitously expressed in all eukaryotes (Ali 

et al., 2001) and has two paralogs expressed in mammalian brain, GSK3α and GSK3β 

(Mukai et al., 2002). While GSK3α and GSK3β share identical kinase domains, they are 

encoded by different genes and maintain unique genetic sequences outside of the kinase 
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domain. Like the majority of kinases, GSK3α and GSK3β contain a catalytic site where 

bound ATP is necessary for enzymatic activity (Woodgett, 1990). Because GSK3 is 

involved in a wide variety of cellular functions (Frame and Cohen, 2001) and targets over 

40 substrates (Jope and Johnson, 2004), regulation of GSK3 activity within cells must be 

tightly regulated. Activation of GSK3 requires phosphorylation of tyr216 (GSK3β) or 

tyr279 (GSKα) (Hughes et al., 1993). However, regulation of GSK3 is primarily 

mediated by inhibitory phosphorylation, subcellular location, and substrate priming. 

Multiple pathways converge on GSK3 and modulate activity through inhibitory 

phosphorylation at serine 9 (GSK3β) and serine21 (GSK3α) (Sutherland et al., 1993). 

Akt, PKA, and PKC are examples of kinases that can phosphorylate GSK3 and turn off 

enzymatic activity. Conversely, phosphatases, like protein phosphatase-1 (PP1) and 

protein phosphatase-2 (PP2), dephosphorylate and activate GSK (Frame and Cohen, 

2001) (Figure 2). Additionally, P38 mitogen-activated protien kinase (p38MAPK) 

phosphorylates GSK3β at serine 389 and inhibits GSK3 activity similar to serine 9 

phosphorylation (Thornton et al., 2008). GSK3 is located throughout neurons including 

the nucleus, mitochondria, cytoplasm (Jope and Roh, 2006), and post-synaptic density 

(Hooper et al., 2007; Peineau et al., 2007). Because of this, GSK3 activity can also be 

regulated in specific cellular localizations. GSK3 activation can depend on the proximity 

to upstream enzymes or downstream substrates. Furthermore, many GSK3 substrates 

require phosphorylation of priming sites (Frame and Cohen, 2001) before GSK3 can 

phosphorylate and activate/inhibit proteins. Therefore, to be enzymatically active, GSK3 

must be localized to the appropriate cellular compartment where active regulators are 
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located and primed substrates are waiting. Impairments in any of these regulatory 

mechanisms can lead to altered GSK3 efficiency. 

GSK in synaptic plasticity 

GSK3 is highly expressed in the brain (Leroy and Brion, 1999) and fractionation 

studies have identified GSK3β is present in synaptosomes (Hooper et al., 2007; Peineau 

et al., 2007). The presence of GSK3 in dendrites and spines suggests that GSK3 plays a 

role in synaptic plasticity. Indeed, induction of LTP increases inhibitory serine-21 

phosphorylation of GSK3β (Peineau et al., 2007) and over expression of GSK3β impairs 

LTP at CA3-CA1 and MPP-DGC synapses (Hooper et al., 2007) indicating that 

inhibition of GSK3 is required for LTP. Conversely, studies using several structurally 

different GSK3 inhibitors revealed a dose-dependent attenuation and eventual blockade 

of LTD at CA3-CA1 synapses (Peineau et al., 2007). Therefore, GSK3 is a bidirectional 

modulator of NMDAR-dependent plasticity. The PI3 kinase (PI3K) -Akt pathway is one 

of at least 8 pathways that converge to regulate inhibitory phosphorylation of GSK3 

(Hong and Lee, 1997) and was recently identified as the signaling cascade initiated by 

NMDAR activation that results inhibition of GSK3 in LTP (Figure 3). This was not 

surprising given the established role of the PI3K-Akt pathway in synaptic plasticity 

(Mizuno et al., 2003). Inhibition of PI3K using LY294002 or wortmannin inhibits LTP in 

cultured neurons. Additionally, an increase in phosphorylation at Ser473 of Akt, the 

location where PI3K phosphorylation occurs, is observed 5 minutes after induction of 

LTP in area CA1 of hippocampus (Man et al., 2003), further implicating the PI3K-Akt 

pathway in LTP. While decreased Akt activity due to PP1 dephosophorylation may play 

an indirect role in modulating GSK3 activity during LTD, direct dephosphorylation of 
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ser21 via PP1 (Morfini et al., 2004; Lee et al., 2005; Szatmari et al., 2005) is the primary 

mechanism for activation of GSK3 during LTD induction (Peineau et al., 2007). PP1 is 

activated by calcineurin (PP2B) once Ca
2+

 enters through NMDARs during the induction 

of LTD (Mulkey et al., 1993; Mulkey et al., 1994) (Figure 3).  

The majority of studies establishing the role GSK3 in LTD and LTP investigated 

plasticity at CA3-CA1 synapses (Peineau et al., 2007), however it is likely that GSK3 

regulation of plasticity occurs at MPP-DGC synapses as well. In fact, inhibition of PI3K 

using wortmannin prevents LTP at MPP-DGC synapses in vivo (Kelly and Lynch, 2000), 

indirectly implying that GSK3 inhibition is necessary. Furthermore, overexpression of 

GSK3 in the dentate gyrus prevents LTP at MPP-DGC synapses (Hooper et al., 2007). 

Therefore, GSK3 likely plays the same role in NMDAR-dependent plasticity at all 

glutamatergic synapses. It is also important to note that studies investigating GSK3 in 

synaptic plasticity have primarily focused on GSK3β, however a role for GSK3α cannot 

be discounted as future studies are necessary to determine whether GSK3α similarly 

regulates plasticity.   

The precise mechanism for GSK3 modulation of LTP and LTD is currently under 

investigation. Several possibilities exist, however GSK3β mediated AMPAR trafficking 

has gained the most attention. Briefly, GSK3β forms a complex with AMPARs which is 

regulated by LTP (Peineau et al., 2007) and inhibition of GSK3 prevents AMPAR 

endocytosis during chemical LTD (Du et al., 2010). Furthermore, kinesin light chain 2 

(KLC2), a key regulator in the kinesin cargo delivery system, has been identified as a 

downstream target of GSK3β. Studies have demonstrated that GSK3β mediated 

phosphorylation of KLC2 causes a dissociation of the KLC2/AMPA complex from the 
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kinesin cargo chain thus impeding the movement of AMPARs. Additionally, treatment 

with TAT-KLCpCDK which prevents GSK3β phosphorylation of KLC2, blocks 

AMPAR internalization and LTD expression at CA3-CA1 synapses (Du et al., 2010). In 

addition to AMPAR endocytosis, proposed mechanisms for GSK3 mediation of synaptic 

plasticity include trafficking of NMDARs (Chen et al., 2007) and regulation of 

transcription factors (Manahan-Vaughan et al., 2000). However the recent identification 

of a novel downstream target, histone deacetlyase 3 (HDAC3) (Bardai and D'Mello, 

2011), raises an interesting possible mechanism (discussed below).  

GSK3 inhibition 

GSK3 is a target of lithium, an FDA approved drug that has been used clinically 

for decades in the treatment of bipolar disorder (Klein and Melton, 1996; Stambolic et al., 

1996). Lithium directly competes with Mg
2+

 for its binding site, which is required for 

enzymatic activity of GSK3 (Ryves and Harwood, 2001). Lithium treatment also inhibits 

GSK3 indirectly by increasing inhibitory serine 9/21 phosphorylation (Chalecka-

Franaszek and Chuang, 1999; De Sarno et al., 2002; Li et al., 2007) . It is important to 

note that in addition to targeting GSK3, lithium is also known to inhibit 

phosphoglucomutase (Ray et al., 1978) inositol-1,4 bisphosphate 1-phosphatase, insoitol-

1 (or-4)-monophosphatase (Harwood, 2005),   and other inositol polyphosphatases 

(Inhorn and Majerus, 1987). Therefore, there has been an emergence of novel GSK3 

inhibitors in order to confirm the beneficial effects of selective GSK3 inhibition. The 

majority of inhibitors that have been developed compete with the ATP binding site on the 

catalytic domain of GSK3. These inhibitors include indirubin derivatives (Leclerc et al., 

2001), paullone derivities (Leost et al., 2000) SB216763 (Coghlan et al., 2000) and 
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CT99021 (Bain et al., 2007). Of importance, kinase specificity studies have identified 

CT99021 as the most selective GSK3 inhibitor (Wagman et al., 2004).  Several non-ATP 

competitive inhibitors have recently been developed. These include substrate-competitive 

inhibitors (Plotkin et al., 2003; Kaidanovich-Beilin et al., 2004; Licht-Murava et al., 

2011), allosteric inhibitors (VP0.7) (Palomo et al., 2011), and TDZD-8, which is 

hypothesized to bind and inhibit the catalytic domain (Martinez et al., 2002). 

Disease pathology and cognitive impairments 

Due to the diversity of GSK3 substrates and their involvement in various cellular 

functions, it is not surprising that GSK3 has been implicated in a number of disease 

pathologies. GSK3 dysfunction has been connected to peripheral diseases like cardiac 

hypertrophy (Hardt and Sadoshima, 2002; Haq et al., 2003), cancer (Hill and Hemmings, 

2002; Manoukian and Woodgett, 2002), and diabetes (Frame and Cohen, 2001). 

Additionally, hyperactive GSK3 has been identified as playing a pathological role in 

several neurobiological disorders including bipolar mood disorder (Klein and Melton, 

1996; Grimes and Jope, 2001) schizophrenia (Beasley et al., 2001; Eldar-Finkelman, 

2002) Alzheimer’s disease (Hanger et al., 1992; Kirschenbaum et al., 2001; Avila, 2004), 

and most recently Fragile X Syndrome (McBride et al., 2005; Min et al., 2009; Yuskaitis 

et al., 2010b; Choi et al., 2011; Liu et al., 2011; Liu et al., 2012) (discussed in further 

detail below), making GSK3 a prime target for therapeutic interventions. In fact, 

numerous studies have demonstrated that GSK3 contributes to cognitive impairment. 

Pharmacological or genetic inhibition of GSK3 reverses cognitive deficits in many 

disorders including Alzheimers’s disease (De Ferrari et al., 2003; Liu et al., 2003; Engel 

et al., 2006; Rockenstein et al., 2007; Terwel et al., 2008; Hu et al., 2009; Sereno et al., 
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2009; Toledo and Inestrosa, 2010; Avrahami and Eldar-Finkelman, 2013), Parkinson’s 

disease (Castro et al., 2012) and diabetes (Ponce-Lopez et al., 2011; King et al., 2013) 

among others. In the majority of these studies, inhibition of GSK3 did not alter learning 

and memory in control animals. Importantly, this suggests that GSK3 does not normally 

mediate cognition however is readily recruited in disease pathologies.  

GSK3 in FX 

Studies conducted in Drosophila first identified the therapeutic potential of 

lithium in FX. Lithium treatment reverses impaired courtship behavior in dmf1-/- mutant 

flies (McBride et al., 2005). Furthermore, lithium repairs age-dependent cognitive decline 

in adult dfmr1 mutants (Choi et al., 2010). Subsequent studies extended these findings 

and demonstrated that treatment with lithium reduces seizure susceptibility (Min et al., 

2009), reverses hyperactivity (Min et al., 2009; Yuskaitis et al., 2010b; Liu et al., 2011),  

increases sociability (Mines et al., 2010), corrects macroorchidism (Yuskaitis et al., 

2010a), reverses the enhancement in dendritic spines (Liu et al., 2011), and the increase 

in mGluR-LTD (Choi et al., 2011) in FX mouse models. Because lithium is not a 

selective inhibitor of GSK3, additional studies were necessary to firmly establish a role 

for GSK3 in the pathology of FX. Studies from FX mice on two different genetic 

backgrounds demonstrated that inhibitory serine 9/21 phosphorylation of GSK3α and 

GSK3β are decreased in FX mice compared to WT littermates. There were no changes in 

total protein (Min et al., 2009; Yuskaitis et al., 2010b) suggesting impaired regulatory 

phosphorylation and increased activity. Importantly, treatment with lithium normalized 

serine phosphorylation of both GSK3α and GSK3β (Yuskaitis et al., 2010b) implying that 

lithium’s beneficial effects are likely as a result of GSK3 inhibition. Additionally, 
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inhibition of GSK3 using selective inhibitors reversed hyperactivity and normalized 

seizure susceptibility (Min et al., 2009). Taken together, these results firmly established a 

pathological role of GSK3 in FX. 

Histone Deacetylases 

Long-term memory formation requires changes in gene transcription. Therefore, 

processes that influence transcription also modulate cognition. Accordingly, histone 

deacetylases (HDACs), enzymes that encourage chromatin condensation through removal 

of acetyl groups from histone core proteins, decrease transcription and negatively 

regulate memory formation in hippocampus as well as other brain regions (Levenson et 

al., 2004; Kouzarides, 2007; Vecsey et al., 2007; Stefanko et al., 2009). Conversely, 

pharmacological inhibition or deletion of HDACs facilitates transcription and enhances 

learning and memory (Vecsey et al., 2007; Stefanko et al., 2009; Kilgore et al., 2010). 

Because alterations in cognition are oftentimes associated with parallel changes in LTP, it 

is not surprising that HDACs also modulate LTP. In fact, a few studies have 

demonstrated this by showing that HDAC inhibition enhances LTP at CA3-CA1 

synapses in hippocampus (Levenson et al., 2004; Vecsey et al., 2007). However because 

all studies investigating the role of HDACs in hippocampal LTP thus far have focused on 

CA3-CA1 synapses, it is not known whether HDAC modulation of synaptic plasticity is 

specific for this synapse or is a general mechanism modulating synaptic efficacy at all 

excitatory synapses.  

To date, the majority of studies investigating how HDACs regulate synaptic 

efficacy and plasticity have used non-selective pharmacological approaches. However 

individual HDAC isoforms likely have differential roles in modulating learning and 
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memory and synaptic plasticity, prompting the use of approaches that specifically target 

select HDAC subtypes. Consistent with this, recent work showed that increased activity 

of HDAC2, but not HDAC1, impairs hippocampus-dependent learning and memory and 

LTP at CA3-CA1 synapses (Guan et al., 2009). The class I HDAC3 isoform has the 

highest expression in hippocampus (Broide et al., 2007) and its selective inhibition 

enhances object recognition and location memory, hippocampus-dependent learning and 

memory tasks (McQuown et al., 2011). However, whether enhanced LTP at relevant 

synaptic pathways is an underlying mechanism contributing to enhanced cognition has 

yet to be explored. Given that GSK3 and HDAC3 activity negatively regulate cognition 

and that GSK3 phosphorylates and activates HDAC3, it is possible that GSK3 constrains 

LTP through increased HDAC3 activity. Furthermore, HDACs have emerged as potential 

therapeutic targets for improving memory deficits in cognitive disorders after a study 

demonstrated beneficial effects in a mouse model of Alzheimer’s disease (Kilgore et al., 

2010). However, it is not known if these findings can be extended to other models with 

cognitive impairments like FX 
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Hypothesis 

Loss of FMRP causes a decrease in synaptic plasticity in dentate gyrus due to 

hyperactive GSK3 and increased HDAC3 activity. 

 

Glycogen synthase kinase-3 (GSK3) is a constitutively active kinase (Hughes et 

al., 1993) that has increased activity in hippocampus of FX mice.  Previous studies have 

shown that inhibition of GSK3 normalizes several behavioral abnormalities including 

locomotor hyperactivity, seizure susceptibility, passive avoidance learning, anxiety-

related behaviors, and sociability in FX mice, therefore establishing a role for increased 

GSK3 activity in the pathology of FX (McBride et al., 2005; Min et al., 2009; Mines et 

al., 2010; Yuskaitis et al., 2010b; Choi et al., 2011; Liu et al., 2011). Importantly, GSK3 

bi-directionally modulates NMDAR-dependent synaptic plasticity at hippocampal 

synapses. Inhibition of GSK3 is required for induction of LTP and conversely, its 

activation is necessary for induction of LTD (Peineau et al., 2007). Because GSK3 is a 

key regular of plasticity and its activity is pathologically enhanced in FX mice, it is likely 

that hyperactive GSK3 contributes to decreased NMDAR dependent LTP. 

Furthermore, GSK3 has over 40 putative targets (Jope and Johnson, 2004); 

therefore, it is important to identify key downstream effector molecules that are 

mediating the synaptic and learning deficits in FX mice. One candidate may be HDAC3 

(Bardai and D'Mello, 2011). HDAC3 negatively regulates learning and memory 

(McQuown et al., 2011) and HDAC inhibition has proven to be effective in reversing 

learning deficits in mouse models of neurodegeneration (Kilgore et al., 2010). Therefore, 
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HDAC3 could similarly contribute to the pathophysiology in learning and synaptic 

function in FX. 
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Abstract 

Background  

Identifying feasible therapeutic interventions is crucial for ameliorating the intellectual 

disability and other afflictions of Fragile X Syndrome (FX), the most common inherited 

cause of intellectual disability and autism. Hippocampal glycogen synthase kinase-3 

(GSK3) is hyperactive in the mouse model of FX (FX mice), and hyperactive GSK3 

promotes locomotor hyperactivity and audiogenic seizure susceptibility in FX mice, 

raising the possibility that specific GSK3 inhibitors may improve cognitive processes. 

 

Methods 

We tested if specific GSK3 inhibitors improve deficits in N-methyl-D-aspartate receptor 

(NMDAR)-dependent long-term potentiation (LTP) at medial perforant path synapses 

onto dentate granule cells (MPP-DGC). 

 

 Results 

GSK3 inhibitors completely rescued deficits in LTP at MPP-DGC synapses in FX mice. 

Furthermore, synaptosomes from the dentate gyrus of FX mice displayed decreased 

inhibitory serine-phosphorylation of GSK3β compared with wild-type littermates.  

 

Conclusions 

 These findings establish that synaptic plasticity and cognitive deficits in FX mice can be 

improved by intervention with inhibitors of GSK3, which may prove therapeutically 

beneficial in FX. 
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Introduction 

Fragile X Syndrome (FX), an X-linked disorder, is the most frequently inherited 

form of mental retardation. FX is caused by an expansion repeat of cytosine-guanine-

guanine (CGG) in the fragile x mental retardation 1(fmr1) gene, which silences it and 

eliminates production of fragile x mental retardation protein (FMRP), an important 

regulator in RNA binding and translation regulation (Pieretti et al., 1991; Verkerk et al., 

1991; Turner et al., 1996; Bardoni et al., 2000).Because FMRP is expressed throughout 

the body, lack of FMRP results in diverse physical and behavioral characteristics, in 

addition to cognitive impairment. Physical symptoms in FX patients include elongated 

ears and face, flat feet, low muscle tone and macroorchidism. Behavioral abnormalities 

include hyperactivity, inattentiveness, seizures, sleep disturbances, visuo-spatial 

processing deficits and autistic-like behaviors. In order to understand the underlying 

pathophysiology of FX, researchers developed the fmr1 knock out mouse, which mimics 

the loss of FMRP expression in FX patients.(Bakker, 1994) Importantly,  loss of FMRP 

in Fmr1-/- mice recapitulates several  characteristics of FX, including macroorchidism, 

increased locomotor hyperactivity, stereotypic movements, seizure susceptibility and 

dendritic spine density, as well as decreased sociability (Musumeci et al., 2000; Nielson 

et al., 2002; Spencer et al., 2005; Brennan et al., 2006; Gibson et al., 2008)  

 Fmr1-/- mice (FX mice) have served as a useful tool in understanding the 

pathology of the physical and behavioral characteristics of FX. Normally, FMRP is 

highly expressed in brain, specifically in dentate gyrus (DG) granule neurons (Hinds et 

al., 1993), and it interacts with many different mRNAs. Of importance to this study, 

FMRP targets mRNA encoding NMDAR (N-methyl-D-aspartate receptor) subunits 
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(Brown et al., 2001; Darnell et al., 2004; Zalfa et al., 2007; Schutt et al., 2009). Because 

dendritic spines are altered and NMDARs are essential to synaptic plasticity and 

cognition (Herron et al., 1986), it is expected that FX mice would display robust deficits 

in NMDAR-dependent plasticity and cognition. However, these predicted characteristics 

proved difficult to elucidate. Initially, studies focused on subfield CA1 of hippocampus, a 

region necessary for learning and memory, (Zola-Morgan et al., 1986) and reported that 

NMDAR dependent plasticity in CA1 was normal in adult FX mice (Godfraind et al., 

1996), but expression of metabotropic glutamate receptor dependent long term depression 

(mGluR-LTD) was significantly enhanced compared to wild type littermates (Huber et 

al., 2002). This led investigators to propose the mGluR Theory of FX with the idea that 

signaling through mGluR5 is pathologically enhanced and that dampened mGluR 

signaling would repair the irregularities in FX. Indeed, decreased mGluR5 signaling 

corrects several behavioral and morphological phenotypes in FX mice (Dolen and Bear, 

2008). However, this theory does not entirely explain all of the phenotypes, as there still 

remains no identified connection between enhanced mGluR-LTD and impaired cognition. 

In fact, Fmr1-/- mice display no deficits in CA1 dependent learning as evident by normal 

performance in Morris water maze as well as other CA1 dependent learning 

tasks(D'Hooge et al., 1997; Eadie et al., 2009). Recently, it was reported that NMDAR-

dependent long-term potentiation (LTP) and NMDAR transmission are deficient at 

medial perforant path-dentate granule cell (MPP-DGC) synapses in FX mice (Eadie et al., 

2010; Yun and Trommer, 2011). Furthermore, these deficits are associated with impaired 

context discrimination, a model of pattern separation dependent on functional NMDARs 

in DG (Eadie et al., 2010).  This is the first study to discover cognitive deficits coupled 
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with synaptic deficits in a mouse model of FX. Understanding the underlying molecular 

mechanisms synaptic deficits will lead to the identification of therapeutic targets in the 

treatment of cognitive symptoms in FX. 

 Glycogen synthase kinase (GSK3) is involved in a wide variety of cellular 

functions, including cognition (Gomez de Barreda et al., 2010). Regulation of GSK3 is 

primarily mediated by inhibitory serine-phosphorylation, occurring through multiple 

signaling pathways. Impairments in these pathways can lead to insufficient 

phosphorylation (thus inhibition) of GSK3, resulting in hyperactive GSK3 activity. 

Hyperactive GSK3 has been implicated in a number of diseases including, cancer, 

diabetes, Alzheimer’s disease, and mood disorders (Frame and Cohen, 2001; Zhu et al., 

2002; Jope and Johnson, 2004; Hooper et al., 2008; Mines et al., 2011). In its role as a 

modulator of cognitive function, GSK3 is capable of bi-directionally regulating 

NMDAR-dependent long-term plasticity. In order for LTP induction and expression to 

occur, GSK3 activity must decrease. Conversely, GSK3 activation is necessary for LTD 

induction and expression.(Peineau et al., 2007) The involvement of GSK3 in both 

NMDAR-dependent LTP and LTD implicate abnormal GSK3 activity as contributing to 

DG associated deficits in FX mice. In support of this idea, studies have demonstrated that 

FX mice have lower levels of inhibitory phosphorylation of GSK3 (with no alteration in 

total protein levels), suggesting that GSK3 activity is pathologically increased in several 

brain regions, including hippocampus, compared to wild-type (WT) littermates (Min et 

al., 2009; Yuskaitis et al., 2010b). These findings suggest that GSK3 expression is 

unaltered in FX mouse brain, but that inhibitory control of GSK3 activity is impaired. 

Decreased inhibition of GSK3 was observed in FX mice on both the FVB and C57Bl6 
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backgrounds, indicating this is a robust change not dependent on mouse strain(Liu et al., 

2011).Importantly, pharmacological inhibition of  GSK3  reduces seizure susceptibility 

(Min et al., 2009), reverses hyperactivity (Min et al., 2009; Yuskaitis et al., 2010b; Liu et 

al., 2011), increases sociability , corrects macroorchidism(Yuskaitis et al., 2010a), and 

reverses the enhancement in dendritic spines (Liu et al., 2011) and of mGluR-LTD 

(McBride et al., 2005) thereby  establishing a role for hyperactive GSK3 in the pathology 

of FX. Since GSK3 is known to regulate NMDA-dependent plasticity and hyperactive 

GSK3 contributes to physical and behavioral abnormalities in animal models of FX, it is 

the goal of this study to examine the role of hyperactive GSK3 in impaired LTP in FX 

mice. Here we tested the hypothesis that pharmacological inhibition of GSK3 rescues 

deficits in LTP at MPP-DGC synapses. We report that lithium and selective GSK3 

inhibitors, but not mGluR5 inhibition, reverse the LTP deficit in FX mice, establishing 

GSK3 as an independent target for therapeutic development to treat FX. 

 

Materials and Methods 

Reagents 

Antibodies were obtained from Cell Signaling Technology (Beverly, MA), LiCl and 

picrotoxin from Sigma (St. Louis, MO), Chir99021 (CT99021) from Biovision (Milpitas, 

CA) and 2-methyl-6-(phenylethynyl)pyridine (MPEP) from Tocris Bioscience (Ellisville, 

MO). 
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Animals 

Mice were housed in light and temperature controlled rooms and treated in accordance 

with National Institutes of Health and the University of Alabama at Birmingham 

Institutional Animal Care and Use Committee regulations.  

 

Synaptsomal Preparation and Western blot analysis 

Mice were anesthetized then decapitated. Brains were removed and dissected on wet ice.  

Hippocampal subfields were dissected and rapidly frozen. Samples were homogenized in 

TEVP buffer (10mM Tris base, 5mM NaF, 1mM Na3VO4, 1mM EDTA, 1mM EGTA, 

2.5% protease inhibitor cocktail, 1% phosphatase cocktail), pH 7.4 containing 320mM 

sucrose. Samples were centrifuged (800xg,10 min 4°C). The supernatant was then 

centrifuged (9200xg, 15 min, 4°C) and pellet discarded. The resultant supernatant 

(cytosol fraction) was discarded and the pellet (crude synaptosomal membrane) was 

resuspended in TEVP buffer. Samples were then separated on 7.5% SDS PAGE and 

transferred for 1 h to polyvinylidene difluoride membrane. Membranes were incubated in 

primary antibody (anti-p-GSK3b (1:500) or anti-GSK3b (1:5000), overnight at 4°C, then 

washed with TBST/TBS. After 3 washes, membranes were incubated in secondary 

antibody (GAR (1:10,000), GAM (1:5000), Cell Signaling) for 1 h at room temperature 

followed by 3 washes in TBST/TBS. The blots were visualized with enhanced 

chemiluminescence (Perkinelmer, Waltham, MA).  
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Hippocampal slice preparation and electrophysiology 

Mice were anesthetized, decapitated and brains rapidly removed. Coronal slices (400uM) 

were prepared from dorsal hippocampus in modified aCSF[in mM: 85 NaCl, 2.5 KCl, 4 

MgSO4, 0.5 CaCl2, 1.25 NaH2PO4, 25 NaHCO3, 25 glucose and 75 sucrose saturated in 

95% O2 and 5% CO2]. Slices were transferred to a submersion chamber containing 

standard artificial CSF (aCSF) [in mM; 124 NaCl, 3 KCl, 1 MgSO4, 2 CaCl2, 1.25 

NaH2PO4, 26 NaHCO3, 15 glucose] and stored at room temperature and continuously 

bubbled with  95% O2 /5% CO2 for up to 5 hours before recording. Extracellular dendritic 

field potential recordings (fEPSPs) at either schaffer collateral or medial perforant 

pathway-dentate granule cell synapses  were carried out in a submersion chamber and 

slices perfused with standard aCSF or aCSF containing 20 mM LiCl (equivalent NaCl 

removed) at 25-28 F. Following a 20 minute stable baseline (0.1 Hz, 200ms duration), 

LTP was induced using high-frequency stimulation (HFS, 100 Hz, 1 s duration x 4, 60s 

interval). In order to isolate excitatory inputs, all recordings were carried out in the 

presence of picrotoxin (100uM). 

 

Statistics 

Data are expressed as mean ± SEM. Student’s t test was used as noted. Significance was 

taken as p<0.05. 
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Results 

 

Selective LTP deficit at medial perforant path-dentate granule cell synapses is 

accompanied by decreased serine-phosphorylated GSK3β.  

Using acute brain slices and high frequency stimulation (HFS), the LTP magnitude at 

CA3-CA1 synapses in slices from FX mice is not different from WT mice (WT: 

197±12% of baseline fEPSP slope vs FX: 215±23% of baseline fEPSP slope, p>0.05) 

(Fig. 1A). In contrast, there is a significant LTP deficit in FX mice at MPP-DGC 

synapses (WT: 183±14% vs FX: 130±8%, p<0.05) (Fig. 1B). These results confirm 

previous reports (Huber et al., 2002; Eadie et al., 2012), and importantly, demonstrate 

hippocampal region-specific deficits in NMDAR-dependent synaptic plasticity in FX 

mice.  

In hippocampal homogenates from FX mice, inhibitory serine-phosphorylation of 

GSK3β (p-GSK3β) is decreased, indicating increased activity (Min et al., 2009; Yuskaitis 

et al., 2010b). However, it is not known whether the decrease in p-GSK3β is hippocampal 

region specific. Because GSK3 negatively regulates NMDAR-dependent LTP (Hooper et 

al., 2007; Peineau et al., 2007; Zhu et al., 2007), the decrease in p-GSK3 should occur in 

DG but not CA1, if pathologically increased GSK3 activity is causing the specific deficit 

in LTP at MPP-DGC synapses. Western blot analysis of synaptosomal fractions revealed 

that p-GSK3β levels are unchanged in CA1 (135±8% of control, p>0.05) but decreased in 

DG (53±2% of control, p<0.05) (Fig. 1C and D) from FX mice compared to WT mice, 

whereas total GSK3β levels were equivalent. These results raise the possibility that 

hyperactive GSK3 in DG contributes to the deficit in LTP at MPP-DGC synapses. 
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Pharmacological blockade of GSK3 rescues the deficit in LTP at MPP-DGC synapses.  

Reduced p-GSK3β levels coupled with the LTP deficit specifically in DG suggest that 

pharmacological GSK3β inhibition might reverse the synaptic dysfunction. Because 

lithium rescues some behavioral phenotypes in FX mice and it inhibits GSK3 (Yuskaitis 

et al., 2010b; Liu et al., 2011), we first investigated whether bath application of LiCl (20 

mM) rescues the LTP deficit. Indeed, LiCl, applied 30 min prior to HFS, significantly 

increases the LTP magnitude at MPP-DGC synapses in slices from FX mice (FX: 

130±8% vs FX+Li:  162±15%, p<0.05) (Fig. 2B) without affecting the LTP magnitude at 

WT synapses (WT: 183±14% vs WT+Li: 183±12%, p>0.05) (Fig. 2A). In fact, the LTP 

magnitude is equivalent in WT and FX+Li treated slices (WT: 183±14% vs FX+Li: 

162±15%, p>0.05) (Fig. 2C and D), indicating a complete rescue of the LTP deficit.  

     In order to confirm that lithium is rescuing LTP specifically through inhibition of 

GSK3 rather than off-target effects, we utilized CT99021, a highly selective GSK3 

inhibitor (Bain et al., 2007). Slices were perfused with either vehicle or CT99021 (2 µM) 

for at least 30 min prior to HFS. Similar to LiCl treatment, CT99021 completely rescued 

the deficit in LTP in FX slices but had no significant effect on WT slices (WT: 146±5% 

vs WT+CT99021: 164±12%, p>0.05) (FX: 115±7% vs FX+CT99021: 146±10%, p<0.05) 

(WT: 146±5% vs FX+CT99021: 146±10%, p>0.05) (Fig. 2E-H). Collectively, these 

results conclusively demonstrate that inhibition of GSK3 reverses the deficit in LTP at 

MPP-DGC synapses.  
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Pharmacological blockade of GSK3 reverses the deficit in steady-state depolarization in 

FX slices during HFS.  

Because LTP induction requires sufficient depolarization to relieve the voltage-dependent 

Mg
2+

 block from NMDARs, we next investigated whether the deficit in LTP and 

subsequent rescue by GSK3 inhibition was due to alterations in the depolarization during 

HFS. We measured steady-state depolarization during the fourth round of HFS in WT 

and FX slices and found a significant decrease in FX slices compared to WT slices, 

which was reversed by LiCl (Fig. 3A and B) and CT99021 (Fig. 3C and D). These 

findings raise the possibility that GSK3 inhibition rescues the LTP deficit by increasing 

neurotransmitter release. However, we found no significant differences in the paired 

pulse ratio, an indirect measure of presynaptic neurotransmitter release probability 

(Dobrunz and Stevens, 1997), between WT and FX slices under any condition or 

interstimulus interval (Fig. S1 A and B), indicating that enhanced neurotransmitter 

release may not be the mechanism underlying rescued LTP. 

 

Synaptic deficits in FX mice are not rescued by mGluR5 inhibition.  

Because inhibition of mGluR reverses many of the synaptic and behavioral phenotypes in 

FX mice (Dolen et al., 2007; Michalon et al., 2012), we investigated whether MPEP, an 

mGluR5 antagonist, would also reverse the dentate gyrus associated deficits in synaptic 

plasticity and learning and memory. We show using bath application of MPEP (100 uM) 

that mGluR5 inhibition fails to rescue LTP magnitude in FX slices (WT: 143±8%; 

WT+MPEP 127±9%, p>0.05) (FX: 116±11%; FX+MPEP: 101±7%, p>0.05) 

(WT:143±8%; FX+MPEP: 101±7%, p<0.05) (Fig. 4A-C). 
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Pharmacological blockade of GSK3 does not reverse the deficit in NMDAR hypofucntion 

during steady-state depolarization in FX slices during HFS  

Because decreased NMDAR transmission has been reported in FX mice (Yun and 

Trommer, 2011; Eadie et al., 2012) and GSK3 has been implicated in NMDAR 

internalization (Chen et al., 2007), we wondered whether inhibition of GSK3 reverses 

deficits in LTP by reversing NMDAR hypofucntion in FX mice. Before testing this, we 

firstconfirmed previous reports demonstrating NMDAR hypofunction (Eadie et al., 2010; 

Yun and Trommer, 2011). To do this we measured SSD in WT mice with and without 

APV, an NMDAR antagonist, to determine the contribution of NMDARs to SSD during 

HFS. We show that during SSD, NMDARs contribute a smaller percentage to the total 

amount of depolarization in slices from FX mice compared to slices from WT mice 

(WT:63±6%; FX: 42±2%, p<0.05) (Figure 5A). To determine whether GSK3 inhibition 

increased NMDAR transmission and therefore the contribution of NMDARs to SSD we 

measured SSD in the presence of CT99021. We show that CT99021 does not enhance 

NMDAR function during SSD in slices from FX mice (WT:63±6%; FX+CT: 41±2%, 

p<0.05) (FX:42±6%; FX+CT: 41±2%, p>0.05) (Figure 5A). As a positive control for the 

effectiveness of CT99021 in these experiments, we show that CT99021 enhances SSD in 

FX slices (Arbitrary units: FX:137±16; FX+MPEP: 166±33, p<0.05) (Figure 5B).  

 

FX mice display a deficit in LTP at TA-CA1 synapses. 

GSK3 is located in both the pre-synaptic terminal (Ahmad-Annuar et al., 2006) and the 

post synaptic density (Hooper et al., 2007; Peineau et al., 2007). Because GSK3 
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inhibition rescues deficits in steady-state depolarization which can be a measure of pre-

synaptic function, we wondered whether the hyperactive GSK3 impairs LTP through a 

pre-synaptic mechanism. We reasoned that if pre-synaptic hyperactive GSK3 from MPP 

inputs contributes to LTP deficits, then LTP at other MPP synapses should also be 

impaired in FX mice. To test this, we assessed the magnitude of LTP at temporammonic-

CA1 synapses (MPP synapses onto distal dendrites of CA1). We show that FX mice 

display a deficit in LTP at TA-CA1 synapses (WT:143±1%; FX: 120±5%, p<0.05) 

(Figure 6) suggesting a possible pre-synaptic role for hyperactive GSK3 in FX.  

 

Discussion 

Here we report a significant decrease in inhibitory serine p-GSK3 levels specifically 

in synaptosomes from the dentate gyrus of FX mice that is associated with a deficit in 

NMDAR-dependent LTP at MPP-DGC synapses. Pharmacological inhibition of GSK3, 

but not an inhibitor of mGluR5, completely reverses both synaptic strongly suggesting 

that GSK3 should be considered as a therapeutic target for the treatment of cognitive 

dysfunction in FX. 

GSK3 inhibitors have been proposed as potential therapeutic candidates for treating 

FX, based to a large extent on the multiple beneficial effects resulting from 

administration of the GSK3 inhibitor lithium to FX mice (Mines and Jope, 2011). 

Lithium treatment of FX mice reverses locomotor hyperactivity, audiogenic seizure 

hypersensitivity, increased spine density, enhanced mGluR-mediated LTD, reactive 

astrocytes, macroorchidism, excess protein synthesis, and social behavior deficits (Min et 

al., 2009; Mines et al., 2010; Yuskaitis et al., 2010a; Yuskaitis et al., 2010b; Choi et al., 
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2011; Liu et al., 2011; Liu et al., 2012). Furthermore, lithium improved deficient passive 

avoidance behavior, the only reported test of lithium's effect on cognitive impairments in 

FX mice. These actions of lithium are likely due to inhibition of GSK3 because GSK3 

inhibitors other than lithium also have been reported to control locomotor hyperactivity, 

susceptibility to audiogenic seizures, trace conditioning, delayed non-matching-to-place 

radial arm maze and neurogenesis in FX mice (Min et al., 2009; Guo et al., 2012). Thus it 

appears that GSK3 inhibitors, including lithium, are able to normalize many abnormal 

characteristics of FX mice and thus are potential therapeutic interventions for FX. We 

found that the impaired MPP-DGC LTP in FX mice was repaired by administration of 

GSK3 inhibitors, suggesting that GSK3 inhibition might also reverse cognitive deficits by 

normalization of LTP. These findings are in accordance with reports that hyperactive 

GSK3 impairs LTP (Hooper et al., 2007; Zhu et al., 2007), and that GSK3 is hyperactive 

in the hippocampus of FX mice (Min et al., 2009; Yuskaitis et al., 2010b), specifically in 

synapstosomes from the dentate gyrus, reported here.  

Because aberrant mGluR5 function is known to regulate several of the phenotypes of 

FX mice and acute administration of the mGluR5 antagonist MPEP to FX mice reverses 

deficits in several behaviors and mEPSC frequency in the amygdala (Yan et al., 2004; de 

Vrij et al., 2008; Min et al., 2009; Suvrathan et al., 2010; Gross et al., 2011; Thomas et 

al., 2012), we tested if administration of MPEP also reversed deficits in LTP. Acute 

administration of MPEP was completely ineffective in reversing the impaired MPP-DGC 

LTP, in accordance with a report that MPEP fails to rescue LTP deficits in amygdala 

(Suvrathan et al., 2010). Collectively, these results indicate that although mGluR5 is a 

promising therapeutic target (Dolen et al., 2007; Michalon et al., 2012), GSK3 inhibitors 
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must also be considered for treatment of FX. Additonally, because acute GSK3, but not 

acute mGluR5, inhibition reverses these deficits, mGluR5 is not directly driving the 

pathologically hyperactive GSK3 in FX mice. However, a recent study showed that 

chronic, but not acute, mGluR5 inhibition reversed novel object recognition deficits 

(Busquets-Garcia et al.), so aberrant mGluR function in FX could indirectly modulate 

GSK3 activity.  

 To fully understand how hyperactive GSK3 leads to synaptic in FX, identification 

of downstream targets of GSK3 is needed. Our results suggest that inhibition of GSK3 

does not rescue LTP by reversing deficits in NMDAR transmission.  It is possible that 

inhibition of GSK3 may rescue LTP through effector targets downstream of NMDAR 

activation. GSK3 regulates AMPAR trafficking (Wei et al., 2010), however this 

mechanism is unlikely since there are no deficits in baseline AMPAR transmissison in 

FX mice. Alternatively, our data showing deficits in TA-CA1 LTP imply that hyperactive 

GSK3 in the pre-synaptic terminal might be responsible for impaired NMDAR-dependent 

LTP. It will be of great interest in future studies to elucidate the precise mechanisms by 

which hyperactive GSK3 decreases plasticity and learning and memory, as these 

mechanisms represent novel targets for therapeutic development for the treatment of 

intellectual disability in FX.  
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Figure 1. Deficits in LTP at MPP-DGC synapses in FX mice are accompanied by 

decreased inhibitory serine-phosphorylation of GSK3β. (A) Summary plots of the 

magnitude of LTP induced by HFS at CA3-CA1 Schaffer collateral synapses in slices 

from WT (n=7) and FX (n=6) mice. (B) Summary plots of the magnitude of LTP induced 

by HFS at MPP-DGC synapses in slices from WT (n=6) and FX (n=9) mice. (C) 

Representative Western blots showing a reduction in phospho-serine9-GSK3β (p-S9 

GSK3) protein in dentate gyrus (DG) but not in CA1 from FX versus WT mice. Total 

GSK3β protein levels are not different between groups. β-Actin and PSD-95 were used as 

cytosolic and synaptic protein loading controls. (D) Quantitation of the ratio of p-S9 

GSK3β to total GSK3β  normalized to values of WT mice (CA1, n=4, and DG, n=6, for 

each genotype). *p<0.05 (Student’s t test). 
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Figure 2. Pharmacological blockade of GSK3 reverses the deficit in LTP at MPP-DGC 

synapses. Summary plots of the magnitude of LTP induced by HFS at MPP-DGC 

synapses in slices from (A) WT mice with (n=6) and without (n=6) bath application of 

LiCl (20 mM), and (B) FX mice with (n=6) and without (n=9) bath application of LiCl 
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(20 mM). (C) Data from WT mice (from A) and FX mice (bath application of LiCl  from 

B) replotted to compare the magnitudes of LTP.(D) Summary of data A-C. (E) WT mice 

with (n=8) and without (n=12) bath application of CT99021 (2 uM). (F) FX mice with 

(n=7) and without (n=7) bath application of CT99021. (G) WT (from E) and FX (bath 

application of CT99021 from F) replotted to compare the magnitudes of LTP.  *p<0.05 

(Student’s t test). (H) Summary of data E-F 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



50 
 

 

 

Figure 3. Pharmacological blockade of GSK3 does not alter steady-state depolarization. 

(A) Averaged traces during the 4th tetanus from experiments in Fig 2A-C show reduced 

steady-state depolarization during tetanus in FX slices. (B) Pooled data from all LTP 

experiments in Fig 2 show LiCl treatment reverses the deficit in steady state 

depolarization in FX slices. (WT: 110±12 vs FX: 72±8)  (FX: 71±8 vs FX+Li: 123±23) 

(WT: 110±12 vs FX+Li: 123±23) *p<0.05 (Student’s t test). (C) Averaged traces during 

the 4th tetanus from experiments in Fig 2D-E show reduced steady-state depolarization 

during tetanus in FX slices. (D) Pooled data from experiments in Fig 2 show CT99021 

treatment reverses the deficit in steady state depolarization in FX slices. (WT: 116±8 vs 

FX: 71±8)  (FX: 88±13 vs FX+CT99021: 117±20)(WT: 116±8 vs FX+CT99021: 

117±20) *p<0.05 (Student’s t test)  
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Figure 4. Synaptic deficits in FX mice are not altered by mGluR inhibition. Summary 

plots of the magnitude of LTP induced by HFS at MPP-DGC synapses in slices from (A) 

WT mice with (n=5) and without (n=5) bath application of MPEP (100 uM), and (B) FX 

mice with (n=7) and without (n=6) bath application of MPEP. (C) Data from WT (from 

A) and FX (bath application of MPEP from B) mice replotted to compare the magnitude 

of LTP. *p<0.05 (Student’s t test). 
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Figure 5. GSK3 inhibition does not reverse NMDAR hypofuction during SSD. (A) 

Percent of SSD remaining after bath application of APV in WT mice (n=7) and FX mice 

with (n=9) and without (n=9) bath application of CT99021 and (B)Steady state 

depolarization in FX with (n=9) and without (n=9) CT99021. *p<0.05 (Student’s t test). 
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Figure 6. FX mice display deficit in LTP at TA-CA1 synapses. Summary plot of LTP 

induced using HFS at TA-CA1 synapses in slices from WT (n=6) and FX (n=9) mice. 

*p<0.05 (Student’s t test). 
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Figure S1. Inhibition of GSK3 does not alter paired-pulse ratio. (A) Summary plots 

showing no difference in the paired pulse ratio from experiments in Figures 2A, 2B, 2C. 

(WT: 0.77±.09 vs WT+Li: 0.66±0.06 vs FX: 0.79±0.09 vs FX+Li: 0.65±0.06 p>0.05) (B) 

Summary plots showing no difference in the paired pulse ratio from experiments in 

Figures 2D, 2E, 2F (WT: 0.79±0.02 vs WT+CT99021: 0.81±0.04 vs FX: 0.86±0.04 vs 

FX+CT99021 :0.83±0.02) p>0.05 (One-way ANOVA). 
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Abstract 

Non-selective inhibition of histone deacetylases (HDACs), enzymes that remove acetyl 

groups from histone core proteins, enhances cognition and NMDAR-dependent long-term 

potentiation at hippocampal CA3-CA1 synapses. It is not known whether HDACs 

modulate plasticity at other hippocampal synapses, nor is it known whether HDAC 

inhibition can reverse deficits in synaptic plasticity in disease models. To determine 

whether inhibition of HDACs, and specifically HDAC3, a class I HDAC isoform known 

to negatively regulate hippocampus-dependent learning and memory, enhances LTP at 

medial perforant path-dentate granule cell (MPP-DGC) synapses, we examined the 

magnitude of LTP in the presence of a non-selective HDAC inhibitor, trichostatin A 

(TSA), or the selective HDAC3 inhibitor, RGFP966. We find that non-selective HDAC 

inhibition increased the magnitude of LTP at MPP-DGC synapses in wild-type mice, 

similar to reports at CA3-CA1 synapses. This effect was mimicked by selective HDAC3 

inhibition, implicating a role for this HDAC isoform in the negative regulation of 

synaptic plasticity. We next investigated whether selective HDAC3 inhibition was able to 

reverse the deficit in LTP at MPP-DGC synapses in a mouse model of Fragile X 

Syndrome. Importantly, no enhancement in LTP was observed at MPP-DGC synapses in 

slices from Fmr1-/- mice, indicating that the enhancing effect of HDAC3 inhibition on 

LTP in wild-type mice requires FMRP.  
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Introduction 

Histone deacetylases (HDACs), enzymes that encourage chromatin condensation 

by removing acetyl groups from histones, decrease transcription of genes required for 

memory formation (Kouzarides, 2007). Previous studies demonstrated that non-selective 

HDAC inhibition enhances NMDAR-dependent long-term potentiation (LTP) at 

hippocampal CA3-CA1 synapses and hippocampus-dependent learning and memory in 

wild-type (WT) mice (Levenson et al., 2004; Vecsey et al., 2007; Stefanko et al., 2009).  

HDAC inhibition also improves learning and memory in an Alzheimer’s disease mouse 

model and in mice with p25-induced neurodegeneration (Fischer et al., 2007; Kilgore et 

al., 2010).  Although these findings support the therapeutic potential of HDAC inhibitors 

in treating cognitive deficiencies, their non-specific effects limit clinical use (Tsankova et 

al., 2006; Bruserud et al., 2007; Renthal et al., 2007), motivating studies to determine 

which HDAC isoforms can be selectively targeted to improve memory function.  

To-date, two Class I HDAC isoforms have been identified as negative regulators 

of memory formation. Over-expression of HDAC2, but not HDAC1, impairs LTP at 

CA3-CA1 synapses associated with deficits in contextual fear conditioning and Morris 

water maze, while synaptic plasticity and memory are facilitated in HDAC2 knockout 

mice (Guan et al., 2009). Genetic deletion or selective pharmacological inhibition of 

HDAC3, the isoform most highly expressed in hippocampus (Broide et al., 2007), 

enhances object recognition and location memory (McQuown et al., 2011), but whether 

the behavioral improvements are associated with increased LTP was not explored.   
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The beneficial effects of HDAC inhibition on synaptic plasticity have been 

studied primarily at hippocampal CA3-CA1 synapses in WT mice. Therefore, it is not 

known whether HDAC inhibitors increase LTP at other hippocampal synapses or in 

animals with known deficits in hippocampal plasticity. In a mouse model of Fragile X 

Syndrome (Fmr1-/- mice), the most common inherited form of mental retardation 

(Bakker, 1994), loss of Fragile X Mental Retardation Protein (FMRP) causes a deficit in 

NMDAR-dependent LTP at medial perforant path-dentate-gyrus granule cell (MPP-

DGC) synapses that is accompanied by impaired dentate gyrus associated cognitive tasks 

(Yun and Trommer, 2011; Eadie et al., 2012; Franklin et al., 2014). The LTP deficit can 

be reversed by acute application of glycine or D-serine (Bostrom et al., 2013) in brain 

slice recordings or by selective inhibition of glycogen synthase kinase-3 (GSK3) 

(Franklin et al., 2014).  Acute GSK3 inhibition in vivo also reverses dentate gyrus 

specific behavioral deficits (Franklin et al., 2014), mechanistically linking impaired LTP 

and behavior. Here, we sought to determine whether HDAC3 inhibition increases the 

LTP magnitude at MPP-DGC synapses in WT mice, and whether it also reverses the LTP 

deficit at these synapses in Frm1-/- mice, with hopes of identifying a novel therapeutic 

target to treat cognitive impairment in Fragile X Syndrome.  

 

Materials and methods 

Animals 

Male wild-type (WT) C57Bl/6 mice and male Fmr1-/- mice (ages 2-6 months) on a pure 

C57Bl/6 background, were used in all experiments. Male and female C57Bl/6 Fmr1 +/- 
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mice were mated to generate Fmr1-/- and WT littermates. Mice were housed on a 12h 

light/dark cycle in temperature controlled rooms. The care and use of all mice followed 

an approved protocol by the University of Alabama at Birmingham Institutional Animal 

Care and Use Committee and in accordance National Institutes of Health guidelines. 

 

Hippocampal slice preparation 

Mice were decapitated following isoflurane anesthesia and brains were rapidly removed 

and placed in modified ice-cold artificial cerebrospinal fluid (aCSF) [in mM: 85 NaCl, 

2.5 KCl, 4 MgSO4, 0.5 CaCl2, 1.25 NaH2PO4, 25 NaHCO3, 25 glucose and 75 sucrose 

saturated in 95% O2 and 5% CO2]. Coronal slices (400M) of dorsal hippocampus 

(defined as Bregma -1.46mm to-2.46; Franklin and Paxinos atlas) were prepared using a 

vibratome (Vibratome 1000 Plus; St. Louis MO) then immediately transferred into a 

holding chamber containing standard aCSF [in mM: 124 NaCl, 3 KCl, 1 MgSO4, 2 

CaCl2, 1.25 NaH2PO4, 26 NaHCO3, 15 glucose saturated in 95% O2 and 5% CO2] where 

the slices remained until experimentation or drug treatment. In experiments where pre-

incubation of drug was required, slices were stored in standard aCSF for 30 min 

following slicing then transferred to a holding chamber that contained standard aCSF 

with either DMSO or RGFP966. All slices, regardless of treatment, rested at least 1 hr 

prior to recording.   

 

Electrophysiology 

Brain slice electrophysiology experiments were performed as previously reported 

(Franklin et al., 2014). Briefly, for extracellular field dendritic field potential (fEPSP) 



60 
 

recordings, slices were transferred to a submersion chamber and perfused with standard 

aCSF at 26-28º F. Baseline fEPSPs were generated by stimulating the medial perforant 

path input onto dentate granule cell synapses (0.1 Hz, 200uS) (MPP-DGC). Correct 

electrode placement was confirmed visually and by the presence of paired-pulse 

depression characteristic of MPP-DGC synapses (McNaughton 1980, Colino and 

Malenka 1993), through the duration of the experiment.  LTP was induced using high-

frequency stimulation (HFS, 100 Hz, 1 s duration x 4, 60s interval).  All recordings were 

performed in the presence of the GABAAR antagonist picrotoxin (100M) so that 

fEPSPs could be measured in isolation, as previously reported (Franklin et al., 2014). 

 

Reagents 

Trichostatin A (TSA) (Tocris Bioscience; Ellisville, MO) was dissolved in DMSO and 

used at a final concentration of 1.65M (Levenson et al., 2004). RGFP966 (generous gift 

from Repligen Corp) is an HDAC3 inhibitor with an IC50 of 0.8uM and is specific to 

HDAC3 up to 15M (Malvaez et al., 2013). It was dissolved in DMSO and used at a 

final concentration of 10 M in all experiments. 

 

Statistics  

Data are expressed as mean ± SEM. Significant differences were determined using 

Student’s t tests at P< 0.05. n represents animal number. Animals were included in a data 

set only when both control and drug experiments were successfully completed. 

Experiments were discarded from the data set if there was >10% change in fEPSP slope 

during baseline recording. 
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Results 

We sought to determine whether HDAC inhibition increases the LTP magnitude 

at MPP-DGC synapses similarly to what has been previously reported at CA3-CA1 

synapses in slices from adult WT mice (Levenson et al., 2004; Guan et al., 2009). 

Extracellular dendritic fEPSPs were recorded at MPP-DGC synapses in acute slices from 

adult WT mice. LTP was induced using high frequency stimulation in the presence or 

absence of TSA, a non-selective HDAC inhibitor.  Slices were continuously perfused 

with either DMSO (vehicle) or TSA for 1 hr prior to delivering HFS to induce LTP.  We 

found that in the presence of TSA the magnitude of LTP at MPP-DGC synapses is 

significantly increased compared to DMSO alone (DMSO: 136±2% of baseline fEPSP 

slope vs TSA: 162±5 % of baseline fEPSP slope; p=.01) (Figure 1A-1B). 

We next assessed whether the enhanced LTP magnitude in TSA is associated with 

an increase in presynaptic neurotransmitter release. To this end, we measured the paired-

pulse ratio (PPR), an indirect measure of presynaptic release probability, in DMSO and 

TSA treated slices pre- and post-tetanus and found significant differences between groups 

(pre-HFS, DMSO: 0.95± .05 vs TSA: 0.97±.06; p=.38; post-HFS, DMSO: 0.87± .03 vs 

TSA: 0.89±.067; p=.44) (Figure 1C).  This suggests that an increase in neurotransmitter 

release is likely not responsible for the enhanced LTP magnitude. We also found no 

difference in the magnitude of the depolarization during HFS when comparing DMSO 

and TSA groups (arbitrary units, DMSO: 1.0± .09 vs TSA: 1.11±.13; p=.26) (Figure 1D). 

Taken together these results suggest a likely post-synaptic mechanism for the enhanced 

magnitude of LTP following HDAC inhibition.   
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Given that selective pharmacological inhibition of HDAC3 improves object 

recognition and location memory (McQuown et al., 2011), behaviors requiring the 

dentate gyrus (Goodrich-Hunsaker et al., 2008), we next tested whether selective HDAC3 

inhibition would increase the LTP magnitude at MPP-DGC synapses, mimicking the 

effect of the non-selective HDAC inhibitor TSA. To accomplish this, slices were 

incubated for at least 3 hr in DMSO (vehicle) or 10 M RGFP966 prior to inducing LTP 

with HFS. We found that RGFP966 robustly enhanced the LTP magnitude at MPP-DGC 

synapses (DMSO: 152±23% of baseline fEPSP slope vs RGFP966: 216±91% of baseline 

fEPSP slope; p=.005) (Figure 2A-2B). However, in contrast to TSA where significant 

potentiation does not occur until 45 min post-tetanus (DMSO: 142±33% of baseline 

fEPSP slope vs TSA: 164±7 % of baseline fEPSP slope; p=.03) (Figure 1B), with 

selective HDAC3 inhibition, significant potentiation occurred as soon as 10 min post-

tetanus (DMSO: 176±35% of baseline fEPSP slope vs RGFP966: 244±181% of baseline 

fEPSP slope; p=.046). Similar to TSA, there were no differences in PPR (pre-HFS, 

DMSO: 0.95± .004 vs RGFP966: 0.98±.03; p=.30; post-HFS, DMSO: 0.93± .02 vs 

RGFP: 1.12±.44; p=.19) (Figure 2C) or depolarization during HFS between the DMSO 

and RGFP966 groups (in arbitrary units, DMSO: 1.0±.13 vs TSA: 0.8±.15; p=.29) 

(Figure 2D).  

Given the robust effects of HDAC3 inhibition on the LTP magnitude at MPP-

DGC synapses in WT mice, we next sought to determine whether the inhibitor would 

rescue deficits in LTP at MPP-DGC synapses in Fmr1-/- mice. Slices from Fmr1-/- mice 

were incubated for at least 3 hrs in either DMSO or RGFP966, consistent with the 

protocol used in experiments with slices from WT mice. Surprisingly, HDAC3 inhibition 



63 
 

with RGFP966 was completely ineffective at increasing the LTP magnitude at MPP-

DGC synapses in Fmr1-/- mice (DMSO: 135±3% of baseline fEPSP slope vs RGFP966: 

146±7% of baseline fEPSPs slope; p=.24) (Figure 3).  

 

Discussion 

Here we report that inhibition of class I HDACs, and more specifically, that 

inhibition of HDAC3, enhances the LTP magnitude at MPP-DGC synapses in adult WT 

mice. This finding confirms that modulation of LTP by HDACs is not selective for CA3-

CA1 synapses, but also occurs at least at one other synapse in the hippocampal formation. 

Moreover, this finding raises the question as to whether the increase in LTP magnitude 

following HDAC inhibition is a general mechanism impacting many, if not all, excitatory 

synapses throughout the CNS. These findings are also consistent with the interpretation 

that the increase in LTP magnitude at MPP-DGC synapses we observed following 

HDAC3 inhibition could be mechanistically linked to the previously reported improved 

object recognition and location memory in WT mice following pharmacological HDAC3 

inhibition, because these behaviors require the dentate gyrus (Goodrich-Hunsaker et al., 

2008).  

While our finding that HDAC3 inhibition is unable to enhance plasticity in Fmr1-

/- mice suggests HDAC inhibitors may not be useful treatment options in Fragile X 

Syndrome, these results are exciting in that they provide unique insight into a potential 

mechanism for enhanced plasticity at excitatory synapses in WT mice. FMRP is an 

RNA–binding protein known to suppress translation of proteins, many of which are 

involved in synaptic plasticity (Ashley et al., 1993; Siomi et al., 1993; Feng et al., 1997; 
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Brown et al., 2001; Laggerbauer et al., 2001; Todd et al., 2003; Zalfa et al., 2003; 

Khandjian et al., 2004; Lu et al., 2004; Weiler et al., 2004). Interestingly, the FMR1 

promoter region contains binding sites for both CREB and Nrf2 (Smith et al., 2006), 

transcription factors which are modulated by HDAC inhibition. In fact, HDAC inhibition 

requires CREB activation for enhancement of LTP (Vecsey et al., 2007) and also 

activates Nrf2 (Wang et al., 2012). Therefore it is possible that HDAC inhibition 

modulates LTP by increasing FMRP transcription through CREB and Nrf2 activation. 

Subsequently, increased FMRP could contribute to enhanced LTP by preventing 

translation of proteins that normally constrain LTP expression. When FMRP is absent, 

the brake on translation of “LTP suppressing” proteins is removed and LTP is no longer 

enhanced.  

An interesting observation is that selective HDAC3 inhibition induces significant 

potentiation as early as 10 min post-tetanus, while significant potentiation does not occur 

until 45 min post-tetanus using the non-selective HDAC inhibitor TSA. One possible 

explanation for the difference in timing is that some HDAC isoforms may act to 

positively regulate LTP, such as HDAC4 (Kim et al., 2012). Perhaps the delayed onset of 

the increase in LTP magnitude after TSA is the net result of inhibition of both negative 

and positive regulators of early plasticity. However, when RGFP966 is applied, only 

HDAC3 is inhibited, therefore there are no opposing effects from other HDACs and LTP 

is robustly enhanced immediately after induction.  

In summary, our data demonstrate that HDACs, specifically HDAC3, are negative 

regulators of synaptic plasticity at synapses in dentate gyrus. While selective inhibition of 

HDAC3 does not appear to be beneficial for synaptic dysfunction in a mouse model of 
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Fragile X Syndrome due to the requirement of FMRP to enhance plasticity, our data do 

not rule out the possibility of using HDAC3 as a therapeutic target in other cognitive 

disorders where MPP-DGC synapses are affected, like the Ts65Dn model of Down’s 

syndrome (Kleschevnikov et al., 2004). Furthermore, the question of whether enhanced 

LTP is an absolute requirement for reversal of cognitive impairments in Fmr1-/- mice 

remains. We have demonstrated a crucial role for FMRP in HDAC3 modulation of LTP 

however future studies are necessary to dissect the precise mechanism by which HDAC3 

and FMRP interact.   
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Figure 1. Non-Selective HDAC inhibition enhances LTP at MPP-DGC Synapses. (A) 
Single representative experiment  and (B) summary plot of the average LTP magnitude at 
MPP-DGC synapses in WT slices treated with DMSO (n=7) or TSA(n=7).  Scale bar 
0.2mV/100uS (C) Average PPR in DMSO and TSA treated groups (from experiments in 
B) are not significantly different. (D) No difference in depolarization during HFS 
between DMSO and TSA treated groups (from experiments in B). (*p<0.05 Student’s t 
test) 
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Figure 2. Selective HDAC3 inhibition enhances LTP at MPP-DGC Synapses. (A) Single 
representative experiment and (B) summary plot of the average LTP magnitude at MPP-
DGC synapses in WT slices treated with DMSO (n=10) or RGFP966 (n=10). Scale bar 
0.2mV/100uS   (C) Average PPR in DMSO and TSA treated groups (from experiments in 
B) are not significantly different. (D) No difference in depolarization during HFS 
between DMSO and TSA treated groups (from experiments in B). (**p<0.01 Student’s t 
test) 
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Figure 3. Selective HDAC3 inhibition does not enhance LTP at MPP-DGC Synapses in  
Frm1-/- mice. (A) Single representative experiment and (B) summary plot of the average 
LTP magnitude induced by HFS at MPP-DGC synapses in slices from Frm1-/- mice 
treated with DMSO (n=6) or RGFP966(n=6). Scale bar 0.2mV/100uS 
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SUMMARY AND DISCUSSION 

This thesis research has lead to several significant findings. We find that acute 

inhibition of GSK3 with lithium or CT99021 reverses the deficit in LTP at MPP-DGC 

synapses in FX mice. We also report a deficit in steady-state depolarization (SSD) during 

high frequency tetanus and NMDAR hypofunction during SSD. GSK3 inhibition rescues 

SSD but fails to rescue NMDAR hypofunction during SSD. Importantly, blockade of 

mGluRs with MPEP, which rescues many of the phenotypes observed in FX mice, fails 

to rescue LTP at MPP-DGC synapses, suggesting a novel therapeutic target. Furthermore, 

we show that inhibition of HDAC3, a downstream target of GSK3, enhances LTP at 

MPP-DGC synapses in WT mice but fails to enhance LTP in FX mice.  

Fragile X Syndrome (FX) is a debilitating disorder that causes severe mental 

retardation and is the leading genetic cause of autism. Presently, there are no therapies 

available to treat cognitive impairments in affected individuals. Because FX mice are a 

model of mental retardation it was expected that cognitive impairments would be readily 

identified. However, FX mice have been assessed in many cognitive tasks in which they 

behave normally or show only mild impairments, such as the Morris water maze, radial 

arm maze, operant conditioning paradigms and contextual and conditioned fear memory 

(Bakker, 1994; Kooy et al., 1996; D'Hooge et al., 1997; Fisch et al., 1999; Paradee et al., 

1999; Dobkin et al., 2000; Peier et al., 2000; Mineur et al., 2002; Yan et al., 2004; Baker 

et al., 2010). Recent studies have shifted focus to dentate gyrus dependent cognition and 
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have demonstrated that FX mice display robust deficits in novel object recognition and 

pattern separation (Ventura et al., 2004; Pacey et al., 2011; Bhattacharya and Klann, 

2012; Eadie et al., 2012) Interestingly, these are associated with deficits in NMDAR-LTP 

and NMDAR hypofunction at MPP-DGC synapses (Yun and Trommer, 2011; Eadie et 

al., 2012). These seminal findings have provided researchers with a model in which to 

study underlying pathological mechanisms contributing to cognitive deficits in FX. 

Previous studies have identified a pathological role for hyperactive GSK3 in physical and 

behavioral impairments in FX (McBride et al., 2005; Min et al., 2009; Yuskaitis et al., 

2010; Choi et al., 2011; Liu et al., 2011; Liu et al., 2012) . However, the role of GSK3 in 

synaptic and cognitive deficits has yet to be investigated. Because synaptic alterations are 

the cellular basis for learning and memory (Malenka and Bear, 2004), the present study 

was undertaken to determine whether hyperactive GSK3 contributes to synaptic deficits 

in FX mice in hopes of identifying novel therapeutic targets for the treatment of cognitive 

impairment.  

GSK in Cognition 

Given that LTP is one of the cellular correlates of learning and memory (Malenka 

and Bear, 2004), our finding that inhibition of GSK3, using both lithium and CT99021, 

reverses deficits in LTP at MPP-DGC synapses raises the possibility that inhibition of 

GSK3 may also reverse deficits in dentate specific cognition. Indeed, our collaborators 

show that treatment with two different GSK3 inhibitors reverses deficits in novel object 

recognition, categorical spatial processing and coordinate spatial processing (Franklin et 

al., 2014). We believe that due to the established role of GSK3 in bidirectional 
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modulation of NMDAR-dependent plasticity (Peineau et al., 2007) that GSK3 inhibition 

is reversing deficits in cognition through the normalization of LTP. 

Interestingly, deficits in temporal order of visual objects, a CA1 dependent task 

(Goodrich-Hunsaker et al., 2005), was also observed. We report normal inhibitory serine 

9 phosphorylation levels of GSK3 CA1 synaptosomes and expression of NMDAR-

dependent LTP at CA3-CA1 (Godfraind et al., 1996; Paradee et al., 1999; Franklin et al., 

2014) synapses suggesting that neither GSK3 hyperactivity, nor impaired plasticity 

contributes to temporal ordering deficits. However, several possibilities implicating 

GSK3 hyperactivity and/or synaptic deficits exist. One possible explanation is that 

normal function of the hippocampal trisynaptic circuit is required in the awake, behaving 

animal, and deficits in LTP at MPP-DGC synapses could cause deficits in function of 

downstream CA3-CA1 synapses. In in vitro hippocampal brain slice experiments, proper 

function of the trisynaptic circuit does not impact the ability of CA3-CA1 synapses 

measured in isolation to normally express NMDAR-dependent plasticity induced by 

electrical stimulation. In support of this, GSK3 inhibition, which reverses LTP deficits at 

MPP-DGC synapses, also normalizes temporal ordering deficits indicating that systemic 

GSK3 inhibition improves the overall function of the trisynaptic circuit. 

An alternative explanation that could account for deficits in CA1-dependent 

cognitive tasks is decreased LTP at TA-CA1 synapses in FX mice. While there are no 

clear links between TA-CA1 LTP and cognition currently, TA-CA1 synapses have been 

implicated in several learning and memory models (Lisman and Otmakhova, 2001; 

Treves, 2004; Hasselmo, 2005; Rolls and Kesner, 2006). It has been hypothesized that 

TA-CA1 synapses function as an error detector (Izumi and Zorumski, 2008) or final 
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matching component of information directly from entorhinal cortex (EC) with 

information coming through the trisynaptic circuit (Lisman and Otmakhova, 2001). TA-

CA1-LTP has now been observed and characterized in vivo (Aksoy-Aksel and Manahan-

Vaughan, 2013) which will allow for more sophisticated studies dissecting the role of 

TA-LTP in cognitive tasks.  

Since GSK3 inhibition normalized temporal ordering in FX mice, if TA-CA1 LTP 

deficits underlie cognitive impairment we would expect GSK3 inhibitors to reverse LTP 

deficits as well. In our western blot analysis of serine 9 phospho-GKS3 levels in area 

CA1 included both stratum radium (where CA3 projections synapse) and stratum 

lacunosum moleculare (where EC projections synapse) and we found no significant 

difference in serine 9 phospho-GSK3 suggesting GSK3 is not hyperactive at TA-CA1 

synapses. It is possible that GSK3 is in fact hyperactive at these synapses but a decrease 

in inhibitory serine 9 phosphorylation was not observed because any change in serine 9 

phospho-GSK3 could have been diluted out due to the presence of stratum radiatum in 

our samples.  

Further studies probing serine 9 phospho-GSK in different layers of CA1 would 

be necessary to determine the phosphorylation levels at CA3-CA1 versus TA-CA1 

synapses.  

It is important to also mention that a few studies have now observed impairments 

in LTP at CA3-CA1 synapses induced using weak stimulation protocols (Lauterborn et 

al., 2007; Hu et al., 2008; Shang et al., 2009) in Fmr1-/- mice. It is likely that while the 

induction protocols utilized to elicit LTP in these studies induce forms of plasticity share 
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a similar expression mechanism with NMDAR-dependent LTP, they are mediated by 

different signaling cascades (Shang et al., 2009). Whether these forms of LTP are linked 

any form of cognition has yet to be investigated.  

mGluR Theory of Fragile X 

The mGluR theory of Fragile X, proposed almost a decade ago, hypothesized that 

enhanced group I mGluR signaling significantly contributes to FX pathology (Bear et al., 

2004). Numerous studies have demonstrated that mGluR5 mediates many of the 

phenotypes observed in FX mice, including hyperactivity, increased dendritic spines, 

enhanced mGluR-LTD, and enhanced protein synthesis (Dolen et al., 2007; Dolen and 

Bear, 2008; Choi et al., 2011; Krueger et al., 2011). Based on these results, mGluR 

inhibitors are now being tested in clinical trials in hopes of providing therapeutic benefit. 

However, it is not known whether inhibition of mGluR will prove beneficial in reversing 

dentate-associated synaptic and cognitive deficits. It is possible that hyperactive GSK3 is 

a downstream consequence of enhanced mGluR signaling.  Alternatively, GSK3 

hyperactivity may be an independent pathological pathway recruited in the absence of 

FMRP. Importantly, we show that LTP deficits are not reversed at MPP-DGC synapses. 

These results are in accordance with a previous study demonstrating mGluR inhibition 

fails to rescue LTP deficits in amygdala (Suvrathan et al., 2010). If the LTP deficits are in 

fact subserving cognitive deficits in FX mice we would expect that MPEP would fail to 

reverse novel object recognition, categorical spatial processing, and coordinate spatial 

processing. In agreement with this hypothesis, our collaborators demonstrated that acute 

mGluR inhibition fails to rescue dentate-associated cognitive impairments in FX mice 
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(Franklin et al., 2014). Taken together, these results strongly suggest that increased GSK3 

function in FX mice is not a direct consequence of enhanced mGluR function. These 

data, together with previously published work, establish GSK3 as a viable therapeutic 

target in FX, and raise the question that combined therapy directed at mGluRs and GSK3 

could be a more effective treatment for cognitive deficits and behavioral abnormalities in 

FX patients. 

Potential Mechanisms 

Our data demonstrating that inhibition of GSK3 reverses cognitive and synaptic 

deficits in FX mice solidifies GSK3 as a therapeutic target in the treatment of FX. To 

gain insight into how hyperactive GSK3 leads to synaptic and cognitive impairment in 

FX and to identify possible novel therapeutic targets, it is critical to identify downstream 

targets of GSK3 that contribute to the pathophysiology.  

 

 

NMDARs 

NMDAR transmission is impaired at MPP-DGC synapses (Yun and Trommer, 

2011; Eadie et al., 2012) in FX mice likely due to decreased surface expression of 

NMDARs (Bostrom et al., 2013). Importantly, augmenting NMDAR transmission with 

acute application of d-serine or glycine, NMDAR co-agonists, reverses deficits in LTP at 

MPP-DGC synapses in FX mice suggesting that NMDAR hypofunction causes deficits in 

LTP (Bostrom et al., 2013). GSK3 is involved in NMDAR internalization in pyramidal 

neurons in cortex (Chen et al., 2007) raising the possibility that hyperactive GSK3 leads 

to increased NMDAR internalization and subsequent decreased transmission and LTP. 

Furthermore, NMDAR transmission is suppressed through tonic dephoshorylation by 
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protein phosphatase 1 (PP1) (Westphal et al., 1999).  PP1 also dephosphoryates ser 9 of 

GSK3β, thereby increasing activity. GSK3 in turn, phosphorylates and activates PP1 

creating a positive feedback loop (Szatmari et al., 2005). Therefore, hyperactive GSK3 

could also lead to NMDA hypofunction by increasing PP1 mediated inhibition of 

NMDARs. We indirectly assessed NMDAR function during HFS used to induce LTP by 

measuring the SSD before and after pharmacological NMDAR inhibition. In accordance 

with previous findings of NMDA hypofunction, we show that NMDARs contribute a 

smaller percentage to total SSD in FX mice versus WT mice. Surprisingly, this is not 

reversed with GSK3 inhibitors, suggesting hyperactive GSK3 is not responsible for 

NMDAR hypofunction.  

Because this is an indirect measure of NMDA function, directly testing NMDAR 

transmission using whole-cell patch clamp electrophysiology to measure the input-output 

relationship is necessary to completely rule out NMDARs as downstream targets of 

pathologically hyperactive GSK3 in FX mice.  

 

Neurogenesis 

In addition to synaptic deficits, neurogenesis is also impaired in dentate gyrus in 

FX mice (Eadie et al., 2009; Guo et al., 2011). Importantly, decreased neurogenesis is 

reversed with lithium and specific GSK3 inhibitors (Guo et al., 2011). This is not 

surprising given previous studies demonstrating constitutively active GSK3 impairs (Eom 

and Jope, 2009) and deletion of GSK3 enhances neurogenesis implicating GSK3 as a key 

regulator of neurogenesis (Kim et al., 2009). These findings raise the possibility that 

inhibition of GSK3 reverses synaptic and cognitive deficits by normalizing neurogenesis 
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in FX mice.  However, it is unlikely that acute GSK3 inhibition (minutes to an hour) is 

able increase cell survival and rescue neurogenesis in the short time scale of our 

experiments. Furthermore neurogenesis is impaired selectively in ventral hippocampus in 

FX mice whereas synaptic deficits are found in dorsal dentate gyrus (Eadie et al., 2009; 

Yun and Trommer, 2011; Eadie et al., 2012). Therefore GSK3 inhibition reverses deficits 

in LTP through a mechanism other than rescued neurogenesis. It is also unlikely that 

enhanced neurogenesis contributes to improved performance in pattern separation tasks 

because these tasks are primarily dependent on dorsal hippocampus.  Ventral 

hippocampus is associated with anxiety-related behavior (Eadie et al., 2009) therefore 

increased neurogenesis following chronic in vivo administration of GSK3 inhibitors is 

likely a mechanism for reversed behavioral performance in anxiety related tasks in FX 

mice (Yuskaitis et al., 2010). 

 

Pre-synaptic GSK3 

 

Our results demonstrating a deficit in LTP at TA-CA1 synapses raises an 

interesting possibility that hyperactive GSK3 may occur pre-synaptically rather than post-

synaptically. Our data showing a deficit in SSD during HFS, which can be a measure of 

pre-synaptic neurotransmitter release, that is reversed by GSK3 inhibition is in agreement 

with this idea. However, SSD can also be a measure of post-synaptic receptors density. 

Furthermore, we and others show there are no changes in paired pulse ratios (PPR) at 

MPP-DGC synapses (Yun and Trommer, 2011; Eadie et al., 2012) which is an indirect 

measure of pre-synaptic neurotransmitter release (Dobrunz and Stevens, 1997). 

Therefore, if there are pre-synaptic release deficits, they are only apparent when the 
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system is challenged with a high frequency train.  Interestingly, one study has 

demonstrated an increase in PPR at TA-CA1 synapses in FX mice, however our results 

do not replicate this finding. A possible explanation for the discrepancy is that (El Idrissi 

et al., 2010) the previous study was conducted in FX mice on an FVB background as 

opposed to C57bl/6 background. Several strain specific differences have been observed in 

FX models (discussions at FRAXA Investigators Meeting).  

Because of the conflicting data regarding pre-synaptic function in FX mice, 

additional experiments are necessary to determine whether hyperactive GSK3 is located 

pre- or post- synaptically. One way to assess pre-synaptic GSK3 function is to probe 

entorhinal cortext for p-GSK levels. If GSK3 is hyperactive in entorhinal cortex in FX 

mice compared to WT controls then Western blot analysis should reveal decreased serine 

9 phosohporylation of GSK3β. An alternative way to test if hyperactive GSK3 is located 

pre-synaptically would be to perform whole cell LTP experiments with GSK3 inhibitors 

in the whole-cell pipette solution. If LTP deficits are reversed in FX mice then this 

concludes that hyperactive GSK3 is located post-synaptically. However, there are several 

caveats to this experiment. The most problematic is the experimental phenomenon of 

“LTP washout” during whole-cell recordings when LTP is no longer able to be induced. 

LTP washout occurs when the induction protocol is not administered within 10 minutes 

of break-in. This becomes an issue when GSK3 inhibitors are administered through the 

recording pipette. It is not known if 10 minutes is sufficient enough time for CT99021 or 

lithium to enter the cell and effectively inhibit GSK3, especially when investigating LTP 

at TA-CA1 synapses when inhibitors much reach the distal dendrites of CA1. A negative 

result in this experiment requires confirmation that 10 minute drug application is 
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sufficient for GSK3 inhibition. Post-synaptic inhibition of GSK3 prevents LTD so as a 

control it can be determined if 10 minutes is long enough for GSK3 inhibitors to block 

LTD.  

 

HDAC3 

Histone Deacetylase 3 (HDAC3) is a member of the Class I family of histone 

deacetylases (HDACs). Several studies have demonstrated that non-selective inhibition of 

HDACs enhance LTP and learning and memory(Levenson et al., 2004; Kouzarides, 

2007; Vecsey et al., 2007; Stefanko et al., 2009; Kilgore et al., 2010), implying that 

HDACs negatively regulate synaptic plasticity and cognition. Furthermore, selective 

inhibition of HDAC3 enhances dentate-asscociated cognitive tasks (Stefanko et al., 2009; 

McQuown et al., 2011). Importantly, studies recently demonstrated that GSK3 can 

phoshorylate and increase HDAC3 activity (Bardai and D'Mello, 2011) raising the 

possibility that pathologically enhanced GSK3 activity could cause deficits in plasticity 

and cognition in FX mice due to increased HDAC3 activity.  

We show that non-selective HDAC inhibition and selective inhibition of HDAC3 

enhance LTP at MPP-DGC synapses in WT mice. This finding demonstrates that HDAC 

modulation of LTP is not selective for CA3-CA1 hippocampal synapses and raises the 

possibility that inhibition of LTP after HDAC inhibitors occurs at all excitatory synapses. 

This is in accordance with another study demonstrating enhanced LTP in amygdala 

following non-selective HDAC inhibition (Yeh et al., 2004). Furthermore, because LTP 

is thought to be the cellular correlate of learning and memory (Malenka and Bear, 2004), 

it is likely that enhanced LTP contributes to enhanced novel object recognition and 
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placement, as these are dentate specific tasks (Goodrich-Hunsaker et al., 2005). While we 

observed an enhancement of LTP at MPP-DGC synapses in WT animals, we were 

surprised to find that selective HDAC3 inhibition failed to rescue or enhanced LTP in FX 

mice. These results demonstrate that enhancement of LTP following selective HDAC3 

inhibition requires FMRP.  

One possible explanation for the lack of enhanced LTP at MPP-DGC synapses in 

FX mice that centers around the transcription factor cAMP response element-binding 

(CREB) is discussed in detail in chapter 2. However, an alternative explanation linking 

hyperactive GSK3 and CREB in FX has yet to be explored. CREB can be activated via 

phosphorylation of serine 133. However, as a result of phosphorylation at this site, a 

binding motif is created for GSK3. This allows GSK3 to bind to CREB and inhibit 

activity via phosphorylation of ser 129 (Fiol et al., 1994). Because GSK3 is hyperactive 

in FX mice, it is possible that inhibitory phosphorylation of CREB is increased thereby 

decreasing CREB activity. In support of this idea, several studies have demonstrated that 

CREB has diminished function in FX models (Berry-Kravis and Sklena, 1993; Berry-

Kravis and Ciurlionis, 1998; Dockendorff et al., 2002; Kelley et al., 2007). Importantly, 

CREB is required for the enhancement of LTP observed at CA3-CA1 synapses following 

non-selective HDAC inhibition (Vecsey et al., 2007). Therefore, in the absence of FMRP, 

GSK3 activity is increased, CREB activity is decreased, possibly accounting for the lack 

of enhanced LTP following HDAC inhibition.  

While it is exciting to speculate potential mechanisms, understanding the precise 

function of FMRP in enhanced LTP following selective HDAC3 inhibition requires 

further studies. RNA-sequencing transcriptome analysis could potentially identify key 
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genes that are differentially expressed following HDAC3 inhibition in WT versus FX 

mice which could direct future investigations. 
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CONCLUSION 

Taken together, these findings establish that synaptic plasticity and cognitive 

deficits in FX mice can be improved by intervention with inhibitors of GSK3. This 

suggests that GSK3 inhibitors may prove therapeutically beneficial in the treatment of 

cognitive impairments in FX. In support of this, lithium treatment improves cognition in 

FX patients (Berry-Kravis et al., 2008). However, untoward side-effects and toxicity 

issues arising from lithium treatment may limit it’s in the treatment of FX. Future studies 

aimed at dissecting the precise mechanism of pathological GSK3 function are necessary 

to identify novel targets which will lead to development of refined therapeutic strategies.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



86 
 

LIST OF REFERENCES 

Aksoy-Aksel A, Manahan-Vaughan D (2013) The temporoammonic input to the 
hippocampal CA1 region displays distinctly different synaptic plasticity 
compared to the Schaffer collateral input in vivo: significance for synaptic 
information processing. Front Synaptic Neurosci 5:5. 

 
Ali A, Hoeflich KP, Woodgett JR (2001) Glycogen synthase kinase-3: properties, 

functions, and regulation. Chem Rev 101:2527-2540. 
 
Aniksztejn L, Ben-Ari Y (1991) Novel form of long-term potentiation produced by a 

K+ channel blocker in the hippocampus. Nature 349:67-69. 
 
Ashley CT, Jr., Wilkinson KD, Reines D, Warren ST (1993) FMR1 protein: conserved 

RNP family domains and selective RNA binding. Science 262:563-566. 
 
Avila J (2004) The influence of aging in one tauopathy: Alzheimer 's disease. Arch 

Immunol Ther Exp (Warsz) 52:410-413. 
 
Avrahami L, Eldar-Finkelman H (2013) GSK-3 and lysosomes meet in Alzheimer's 

disease. Commun Integr Biol 6:e25179. 
 
Bagni C, Greenough WT (2005) From mRNP trafficking to spine dysmorphogenesis: 

the roots of fragile X syndrome. Nat Rev Neurosci 6:376-387. 
 
Bain J, Plater L, Elliott M, Shpiro N, Hastie CJ, McLauchlan H, Klevernic I, Arthur JS, 

Alessi DR, Cohen P (2007) The selectivity of protein kinase inhibitors: a 
further update. Biochem J 408:297-315. 

 
Baker KB, Wray SP, Ritter R, Mason S, Lanthorn TH, Savelieva KV (2010) Male and 

female Fmr1 knockout mice on C57 albino background exhibit spatial 
learning and memory impairments. Genes Brain Behav 9:562-574. 

 
Bakker DB (1994) Fmr1 knockout mice: a model to study fragile X mental 

retardation. The Dutch-Belgian Fragile X Consortium. Cell 78:23-33. 
 
Bardai FH, D'Mello SR (2011) Selective toxicity by HDAC3 in neurons: regulation by 

Akt and GSK3beta. J Neurosci 31:1746-1751. 
 
Bear MF, Huber KM, Warren ST (2004) The mGluR theory of fragile X mental 

retardation. Trends Neurosci 27:370-377. 
 
Beasley C, Cotter D, Khan N, Pollard C, Sheppard P, Varndell I, Lovestone S, Anderton 

B, Everall I (2001) Glycogen synthase kinase-3beta immunoreactivity is 
reduced in the prefrontal cortex in schizophrenia. Neurosci Lett 302:117-
120. 



87 
 

Berry-Kravis E, Sklena P (1993) Demonstration of abnormal cyclic AMP production 
in platelets from patients with fragile X syndrome. Am J Med Genet 45:81-87. 

 
Berry-Kravis E, Ciurlionis R (1998) Overexpression of fragile X gene (FMR-1) 

transcripts increases cAMP production in neural cells. J Neurosci Res 51:41-
48. 

 
Berry-Kravis E, Sumis A, Hervey C, Nelson M, Porges SW, Weng N, Weiler IJ, 

Greenough WT (2008) Open-label treatment trial of lithium to target the 
underlying defect in fragile X syndrome. Journal of developmental and 
behavioral pediatrics : JDBP 29:293-302. 

 
Bhakar AL, Dolen G, Bear MF (2012) The pathophysiology of fragile X (and what it 

teaches us about synapses). Annu Rev Neurosci 35:417-443. 
 
Bhattacharya A, Klann E (2012) Fragile X syndrome therapeutics S(C)TEP through 

the developmental window. Neuron 74:1-3. 
 
Bliss TV, Gardner-Medwin AR (1973) Long-lasting potentiation of synaptic 

transmission in the dentate area of the unanaestetized rabbit following 
stimulation of the perforant path. J Physiol 232:357-374. 

 
Bliss TV, Collingridge GL (1993) A synaptic model of memory: long-term 

potentiation in the hippocampus. Nature 361:31-39. 
 
Bostrom CA, Majaess NM, Morch K, White E, Eadie BD, Christie BR (2013) Rescue of 

NMDAR-Dependent Synaptic Plasticity in Fmr1 Knock-Out Mice. Cerebral 
cortex. 

 
Brennan FX, Albeck DS, Paylor R (2006) Fmr1 knockout mice are impaired in a 

leverpress escape/avoidance task. Genes Brain Behav 5:467-471. 
 
Broide RS, Redwine JM, Aftahi N, Young W, Bloom FE, Winrow CJ (2007) 

Distribution of histone deacetylases 1-11 in the rat brain. J Mol Neurosci 
31:47-58. 

 
Brouwer JR, Mientjes EJ, Bakker CE, Nieuwenhuizen IM, Severijnen LA, Van der 

Linde HC, Nelson DL, Oostra BA, Willemsen R (2007) Elevated Fmr1 mRNA 
levels and reduced protein expression in a mouse model with an 
unmethylated Fragile X full mutation. Experimental cell research 313:244-
253. 

 
Brown V, Jin P, Ceman S, Darnell JC, O'Donnell WT, Tenenbaum SA, Jin X, Feng Y, 

Wilkinson KD, Keene JD, Darnell RB, Warren ST (2001) Microarray 
identification of FMRP-associated brain mRNAs and altered mRNA 
translational profiles in fragile X syndrome. Cell 107:477-487. 



88 
 

 
Castro AA, Ghisoni K, Latini A, Quevedo J, Tasca CI, Prediger RD (2012) Lithium and 

valproate prevent olfactory discrimination and short-term memory 
impairments in the intranasal 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
(MPTP) rat model of Parkinson's disease. Behavioural brain research 
229:208-215. 

 
Chalecka-Franaszek E, Chuang DM (1999) Lithium activates the serine/threonine 

kinase Akt-1 and suppresses glutamate-induced inhibition of Akt-1 activity in 
neurons. Proc Natl Acad Sci U S A 96:8745-8750. 

 
Chen P, Gu Z, Liu W, Yan Z (2007) Glycogen synthase kinase 3 regulates N-methyl-D-

aspartate receptor channel trafficking and function in cortical neurons. Mol 
Pharmacol 72:40-51. 

 
Choi CH, Schoenfeld BP, Bell AJ, Hinchey P, Kollaros M, Gertner MJ, Woo NH, 

Tranfaglia MR, Bear MF, Zukin RS, McDonald TV, Jongens TA, McBride SM 
(2011) Pharmacological reversal of synaptic plasticity deficits in the mouse 
model of Fragile X syndrome by group II mGluR antagonist or lithium 
treatment. Brain Res 1380:106-119. 

 
Choi CH, McBride SM, Schoenfeld BP, Liebelt DA, Ferreiro D, Ferrick NJ, Hinchey P, 

Kollaros M, Rudominer RL, Terlizzi AM, Koenigsberg E, Wang Y, Sumida A, 
Nguyen HT, Bell AJ, McDonald TV, Jongens TA (2010) Age-dependent 
cognitive impairment in a Drosophila fragile X model and its pharmacological 
rescue. Biogerontology 11:347-362. 

 
Coffee B, Keith K, Albizua I, Malone T, Mowrey J, Sherman SL, Warren ST (2009) 

Incidence of fragile X syndrome by newborn screening for methylated FMR1 
DNA. Am J Hum Genet 85:503-514. 

 
Coghlan MP, Culbert AA, Cross DA, Corcoran SL, Yates JW, Pearce NJ, Rausch OL, 

Murphy GJ, Carter PS, Roxbee Cox L, Mills D, Brown MJ, Haigh D, Ward RW, 
Smith DG, Murray KJ, Reith AD, Holder JC (2000) Selective small molecule 
inhibitors of glycogen synthase kinase-3 modulate glycogen metabolism and 
gene transcription. Chem Biol 7:793-803. 

 
Collingridge G (1987) Synaptic plasticity. The role of NMDA receptors in learning 

and memory. Nature 330:604-605. 
 
Cordeiro L, Ballinger E, Hagerman R, Hessl D (2011) Clinical assessment of DSM-IV 

anxiety disorders in fragile X syndrome: prevalence and characterization. 
Journal of neurodevelopmental disorders 3:57-67. 

Corkin S (2002) What's new with the amnesic patient H.M.? Nat Rev Neurosci 3:153-
160. 

 



89 
 

D'Hooge R, Nagels G, Franck F, Bakker CE, Reyniers E, Storm K, Kooy RF, Oostra BA, 
Willems PJ, De Deyn PP (1997) Mildly impaired water maze performance in 
male Fmr1 knockout mice. Neuroscience 76:367-376. 

 
Darnell JC, Van Driesche SJ, Zhang C, Hung KY, Mele A, Fraser CE, Stone EF, Chen C, 

Fak JJ, Chi SW, Licatalosi DD, Richter JD, Darnell RB (2011) FMRP stalls 
ribosomal translocation on mRNAs linked to synaptic function and autism. 
Cell 146:247-261. 

 
De Ferrari GV, Chacon MA, Barria MI, Garrido JL, Godoy JA, Olivares G, Reyes AE, 

Alvarez A, Bronfman M, Inestrosa NC (2003) Activation of Wnt signaling 
rescues neurodegeneration and behavioral impairments induced by beta-
amyloid fibrils. Molecular psychiatry 8:195-208. 

 
De Sarno P, Li X, Jope RS (2002) Regulation of Akt and glycogen synthase kinase-3 

beta phosphorylation by sodium valproate and lithium. Neuropharmacology 
43:1158-1164. 

 
Deng W, Aimone JB, Gage FH (2010) New neurons and new memories: how does 

adult hippocampal neurogenesis affect learning and memory? Nat Rev 
Neurosci 11:339-350. 

 
Dobkin C, Rabe A, Dumas R, El Idrissi A, Haubenstock H, Brown WT (2000) Fmr1 

knockout mouse has a distinctive strain-specific learning impairment. 
Neuroscience 100:423-429. 

 
Dobrunz LE, Stevens CF (1997) Heterogeneity of release probability, facilitation, and 

depletion at central synapses. Neuron 18:995-1008. 
 
Dockendorff TC, Su HS, McBride SM, Yang Z, Choi CH, Siwicki KK, Sehgal A, Jongens 

TA (2002) Drosophila lacking dfmr1 activity show defects in circadian output 
and fail to maintain courtship interest. Neuron 34:973-984. 

 
Dolen G, Bear MF (2008) Role for metabotropic glutamate receptor 5 (mGluR5) in 

the pathogenesis of fragile X syndrome. J Physiol 586:1503-1508. 
 
Dolen G, Osterweil E, Rao BS, Smith GB, Auerbach BD, Chattarji S, Bear MF (2007) 

Correction of fragile X syndrome in mice. Neuron 56:955-962. 
 
Du J, Wei Y, Liu L, Wang Y, Khairova R, Blumenthal R, Tragon T, Hunsberger JG, 

Machado-Vieira R, Drevets W, Wang YT, Manji HK (2010) A kinesin signaling 
complex mediates the ability of GSK-3beta to affect mood-associated 
behaviors. Proc Natl Acad Sci U S A 107:11573-11578. 

 
Dudai Y (2004) The neurobiology of consolidations, or, how stable is the engram? 

Annu Rev Psychol 55:51-86. 



90 
 

 
Eadie BD, Cushman J, Kannangara TS, Fanselow MS, Christie BR (2012) NMDA 

receptor hypofunction in the dentate gyrus and impaired context 
discrimination in adult Fmr1 knockout mice. Hippocampus 22:241-254. 

 
Eadie BD, Zhang WN, Boehme F, Gil-Mohapel J, Kainer L, Simpson JM, Christie BR 

(2009) Fmr1 knockout mice show reduced anxiety and alterations in 
neurogenesis that are specific to the ventral dentate gyrus. Neurobiol Dis 
36:361-373. 

 
Eichenbaum H, Dudchenko P, Wood E, Shapiro M, Tanila H (1999) The 

hippocampus, memory, and place cells: is it spatial memory or a memory 
space? Neuron 23:209-226. 

 
El Idrissi A, Neuwirth LS, L'Amoreaux W (2010) Taurine regulation of short term 

synaptic plasticity in fragile X mice. J Biomed Sci 17 Suppl 1:S15. 
 
Eldar-Finkelman H (2002) Glycogen synthase kinase 3: an emerging therapeutic 

target. Trends Mol Med 8:126-132. 
 
Embi N, Rylatt DB, Cohen P (1980) Glycogen synthase kinase-3 from rabbit skeletal 

muscle. Separation from cyclic-AMP-dependent protein kinase and 
phosphorylase kinase. Eur J Biochem 107:519-527. 

 
Engel T, Hernandez F, Avila J, Lucas JJ (2006) Full reversal of Alzheimer's disease-

like phenotype in a mouse model with conditional overexpression of 
glycogen synthase kinase-3. J Neurosci 26:5083-5090. 

 
Eom TY, Jope RS (2009) Blocked inhibitory serine-phosphorylation of glycogen 

synthase kinase-3alpha/beta impairs in vivo neural precursor cell 
proliferation. Biol Psychiatry 66:494-502. 

 
Feng Y, Lakkis L, Devys D, Warren ST (1995) Quantitative comparison of FMR1 gene 

expression in normal and premutation alleles. Am J Hum Genet 56:106-113. 
 
Fiol CJ, Williams JS, Chou CH, Wang QM, Roach PJ, Andrisani OM (1994) A secondary 

phosphorylation of CREB341 at Ser129 is required for the cAMP-mediated 
control of gene expression. A role for glycogen synthase kinase-3 in the 
control of gene expression. J Biol Chem 269:32187-32193. 

Fisch GS, Hao HK, Bakker C, Oostra BA (1999) Learning and memory in the FMR1 
knockout mouse. Am J Med Genet 84:277-282. 

 
Frame S, Cohen P (2001) GSK3 takes centre stage more than 20 years after its 

discovery. Biochem J 359:1-16. 
 



91 
 

Franklin AV, King MK, Palomo V, Martinez A, McMahon LL, Jope RS (2014) Glycogen 
Synthase Kinase-3 Inhibitors Reverse Deficits in Long-term Potentiation and 
Cognition in Fragile X Mice. Biol Psychiatry 75:198-206. 

 
Fryns JP, Kleczkowska A, Kubien E, Van den Berghe H (1984) Cytogenetic findings in 

moderate and severe mental retardation. A study of an institutionalized 
population of 1991 patients. Acta Paediatr Scand Suppl 313:1-23. 

 
Fu YH, Kuhl DP, Pizzuti A, Pieretti M, Sutcliffe JS, Richards S, Verkerk AJ, Holden JJ, 

Fenwick RG, Jr., Warren ST, et al. (1991) Variation of the CGG repeat at the 
fragile X site results in genetic instability: resolution of the Sherman paradox. 
Cell 67:1047-1058. 

 
Gibson JR, Bartley AF, Hays SA, Huber KM (2008) Imbalance of neocortical 

excitation and inhibition and altered UP states reflect network 
hyperexcitability in the mouse model of fragile X syndrome. J Neurophysiol 
100:2615-2626. 

 
Godfraind JM, Reyniers E, De Boulle K, D'Hooge R, De Deyn PP, Bakker CE, Oostra 

BA, Kooy RF, Willems PJ (1996) Long-term potentiation in the hippocampus 
of fragile X knockout mice. Am J Med Genet 64:246-251. 

 
Goodrich-Hunsaker NJ, Hunsaker MR, Kesner RP (2005) Dissociating the role of the 

parietal cortex and dorsal hippocampus for spatial information processing. 
Behavioral neuroscience 119:1307-1315. 

 
Grimes CA, Jope RS (2001) The multifaceted roles of glycogen synthase kinase 3beta 

in cellular signaling. Progress in neurobiology 65:391-426. 
 
Grover LM, Teyler TJ (1990) Two components of long-term potentiation induced by 

different patterns of afferent activation. Nature 347:477-479. 
 
Guan JS, Haggarty SJ, Giacometti E, Dannenberg JH, Joseph N, Gao J, Nieland TJ, Zhou 

Y, Wang X, Mazitschek R, Bradner JE, DePinho RA, Jaenisch R, Tsai LH (2009) 
HDAC2 negatively regulates memory formation and synaptic plasticity. 
Nature 459:55-60. 

 
Guo W, Allan AM, Zong R, Zhang L, Johnson EB, Schaller EG, Murthy AC, Goggin SL, 

Eisch AJ, Oostra BA, Nelson DL, Jin P, Zhao X (2011) Ablation of Fmrp in adult 
neural stem cells disrupts hippocampus-dependent learning. Nat Med 
17:559-565. 

 
Hanger DP, Hughes K, Woodgett JR, Brion JP, Anderton BH (1992) Glycogen 

synthase kinase-3 induces Alzheimer's disease-like phosphorylation of tau: 
generation of paired helical filament epitopes and neuronal localisation of 
the kinase. Neurosci Lett 147:58-62. 



92 
 

 
Haq S, Michael A, Andreucci M, Bhattacharya K, Dotto P, Walters B, Woodgett J, 

Kilter H, Force T (2003) Stabilization of beta-catenin by a Wnt-independent 
mechanism regulates cardiomyocyte growth. Proc Natl Acad Sci U S A 
100:4610-4615. 

 
Hardt SE, Sadoshima J (2002) Glycogen synthase kinase-3beta: a novel regulator of 

cardiac hypertrophy and development. Circ Res 90:1055-1063. 
 
Harwood AJ (2005) Lithium and bipolar mood disorder: the inositol-depletion 

hypothesis revisited. Molecular psychiatry 10:117-126. 
 
Hasselmo ME (2005) The role of hippocampal regions CA3 and CA1 in matching 

entorhinal input with retrieval of associations between objects and context: 
theoretical comment on Lee et al. (2005). Behavioral neuroscience 119:342-
345. 

 
Hill MM, Hemmings BA (2002) Inhibition of protein kinase B/Akt. implications for 

cancer therapy. Pharmacol Ther 93:243-251. 
 
Hinds HL, Ashley CT, Sutcliffe JS, Nelson DL, Warren ST, Housman DE, Schalling M 

(1993) Tissue specific expression of FMR-1 provides evidence for a 
functional role in fragile X syndrome. Nat Genet 3:36-43. 

 
Hinton VJ, Brown WT, Wisniewski K, Rudelli RD (1991) Analysis of neocortex in 

three males with the fragile X syndrome. Am J Med Genet 41:289-294. 
 
Hong M, Lee VM (1997) Insulin and insulin-like growth factor-1 regulate tau 

phosphorylation in cultured human neurons. J Biol Chem 272:19547-19553. 
 
Hooper C, Markevich V, Plattner F, Killick R, Schofield E, Engel T, Hernandez F, 

Anderton B, Rosenblum K, Bliss T, Cooke SF, Avila J, Lucas JJ, Giese KP, 
Stephenson J, Lovestone S (2007) Glycogen synthase kinase-3 inhibition is 
integral to long-term potentiation. The European journal of neuroscience 
25:81-86. 

 
Hu H, Qin Y, Bochorishvili G, Zhu Y, van Aelst L, Zhu JJ (2008) Ras signaling 

mechanisms underlying impaired GluR1-dependent plasticity associated 
with fragile X syndrome. J Neurosci 28:7847-7862. 

 
Hu S, Begum AN, Jones MR, Oh MS, Beech WK, Beech BH, Yang F, Chen P, Ubeda OJ, 

Kim PC, Davies P, Ma Q, Cole GM, Frautschy SA (2009) GSK3 inhibitors show 
benefits in an Alzheimer's disease (AD) model of neurodegeneration but 
adverse effects in control animals. Neurobiol Dis 33:193-206. 

 



93 
 

Huber KM, Gallagher SM, Warren ST, Bear MF (2002) Altered synaptic plasticity in a 
mouse model of fragile X mental retardation. Proc Natl Acad Sci U S A 
99:7746-7750. 

 
Hughes K, Nikolakaki E, Plyte SE, Totty NF, Woodgett JR (1993) Modulation of the 

glycogen synthase kinase-3 family by tyrosine phosphorylation. EMBO J 
12:803-808. 

 
Inhorn RC, Majerus PW (1987) Inositol polyphosphate 1-phosphatase from calf 

brain. Purification and inhibition by Li+, Ca2+, and Mn2+. J Biol Chem 
262:15946-15952. 

 
Irwin SA, Patel B, Idupulapati M, Harris JB, Crisostomo RA, Larsen BP, Kooy F, 

Willems PJ, Cras P, Kozlowski PB, Swain RA, Weiler IJ, Greenough WT (2001) 
Abnormal dendritic spine characteristics in the temporal and visual cortices 
of patients with fragile-X syndrome: a quantitative examination. Am J Med 
Genet 98:161-167. 

 
Izumi Y, Zorumski CF (2008) Direct cortical inputs erase long-term potentiation at 

Schaffer collateral synapses. J Neurosci 28:9557-9563. 
 
Jope RS, Johnson GV (2004) The glamour and gloom of glycogen synthase kinase-3. 

Trends Biochem Sci 29:95-102. 
 
Jope RS, Roh MS (2006) Glycogen synthase kinase-3 (GSK3) in psychiatric diseases 

and therapeutic interventions. Curr Drug Targets 7:1421-1434. 
 
Kaidanovich-Beilin O, Milman A, Weizman A, Pick CG, Eldar-Finkelman H (2004) 

Rapid antidepressive-like activity of specific glycogen synthase kinase-3 
inhibitor and its effect on beta-catenin in mouse hippocampus. Biol 
Psychiatry 55:781-784. 

 
Kandel ER (2001) The molecular biology of memory storage: a dialog between 

genes and synapses. Biosci Rep 21:565-611. 
Kelley DJ, Davidson RJ, Elliott JL, Lahvis GP, Yin JC, Bhattacharyya A (2007) The 

cyclic AMP cascade is altered in the fragile X nervous system. PLoS One 
2:e931. 

 
Kelly A, Lynch MA (2000) Long-term potentiation in dentate gyrus of the rat is 

inhibited by the phosphoinositide 3-kinase inhibitor, wortmannin. 
Neuropharmacology 39:643-651. 

 
Kesner RP, Lee I, Gilbert P (2004) A behavioral assessment of hippocampal function 

based on a subregional analysis. Rev Neurosci 15:333-351. 
 



94 
 

Kilgore M, Miller CA, Fass DM, Hennig KM, Haggarty SJ, Sweatt JD, Rumbaugh G 
(2010) Inhibitors of class 1 histone deacetylases reverse contextual memory 
deficits in a mouse model of Alzheimer's disease. Neuropsychopharmacology 
35:870-880. 

 
Kim WY, Wang X, Wu Y, Doble BW, Patel S, Woodgett JR, Snider WD (2009) GSK-3 is 

a master regulator of neural progenitor homeostasis. Nat Neurosci 12:1390-
1397. 

 
King MR, Anderson NJ, Guernsey LS, Jolivalt CG (2013) Glycogen synthase kinase-3 

inhibition prevents learning deficits in diabetic mice. J Neurosci Res 91:506-
514. 

 
Kirschenbaum F, Hsu SC, Cordell B, McCarthy JV (2001) Glycogen synthase kinase-

3beta regulates presenilin 1 C-terminal fragment levels. J Biol Chem 
276:30701-30707. 

 
Klein PS, Melton DA (1996) A molecular mechanism for the effect of lithium on 

development. Proc Natl Acad Sci U S A 93:8455-8459. 
 
Kooy RF, D'Hooge R, Reyniers E, Bakker CE, Nagels G, De Boulle K, Storm K, Clincke 

G, De Deyn PP, Oostra BA, Willems PJ (1996) Transgenic mouse model for the 
fragile X syndrome. Am J Med Genet 64:241-245. 

 
Kouzarides T (2007) Chromatin modifications and their function. Cell 128:693-705. 
 
Krueger DD, Osterweil EK, Chen SP, Tye LD, Bear MF (2011) Cognitive dysfunction 

and prefrontal synaptic abnormalities in a mouse model of fragile X 
syndrome. Proc Natl Acad Sci U S A 108:2587-2592. 

 
Lauterborn JC, Rex CS, Kramar E, Chen LY, Pandyarajan V, Lynch G, Gall CM (2007) 

Brain-derived neurotrophic factor rescues synaptic plasticity in a mouse 
model of fragile X syndrome. J Neurosci 27:10685-10694. 

Leclerc S, Garnier M, Hoessel R, Marko D, Bibb JA, Snyder GL, Greengard P, Biernat J, 
Wu YZ, Mandelkow EM, Eisenbrand G, Meijer L (2001) Indirubins inhibit 
glycogen synthase kinase-3 beta and CDK5/p25, two protein kinases 
involved in abnormal tau phosphorylation in Alzheimer's disease. A property 
common to most cyclin-dependent kinase inhibitors? J Biol Chem 276:251-
260. 

 
Lee YI, Seo M, Kim Y, Kim SY, Kang UG, Kim YS, Juhnn YS (2005) Membrane 

depolarization induces the undulating phosphorylation/dephosphorylation 
of glycogen synthase kinase 3beta, and this dephosphorylation involves 
protein phosphatases 2A and 2B in SH-SY5Y human neuroblastoma cells. J 
Biol Chem 280:22044-22052. 

 



95 
 

Leost M, Schultz C, Link A, Wu YZ, Biernat J, Mandelkow EM, Bibb JA, Snyder GL, 
Greengard P, Zaharevitz DW, Gussio R, Senderowicz AM, Sausville EA, Kunick 
C, Meijer L (2000) Paullones are potent inhibitors of glycogen synthase 
kinase-3beta and cyclin-dependent kinase 5/p25. Eur J Biochem 267:5983-
5994. 

 
Leroy K, Brion JP (1999) Developmental expression and localization of glycogen 

synthase kinase-3beta in rat brain. J Chem Neuroanat 16:279-293. 
 
Levenson JM, O'Riordan KJ, Brown KD, Trinh MA, Molfese DL, Sweatt JD (2004) 

Regulation of histone acetylation during memory formation in the 
hippocampus. J Biol Chem 279:40545-40559. 

 
Li X, Friedman AB, Zhu W, Wang L, Boswell S, May RS, Davis LL, Jope RS (2007) 

Lithium regulates glycogen synthase kinase-3beta in human peripheral blood 
mononuclear cells: implication in the treatment of bipolar disorder. Biol 
Psychiatry 61:216-222. 

 
Licht-Murava A, Plotkin B, Eisenstein M, Eldar-Finkelman H (2011) Elucidating 

substrate and inhibitor binding sites on the surface of GSK-3beta and the 
refinement of a competitive inhibitor. Journal of molecular biology 408:366-
378. 

 
Lisman J (2003a) Long-term potentiation: outstanding questions and attempted 

synthesis. Philos Trans R Soc Lond B Biol Sci 358:829-842. 
 
Lisman J (2003b) Actin's actions in LTP-induced synapse growth. Neuron 38:361-

362. 
 
Lisman J, Schulman H, Cline H (2002) The molecular basis of CaMKII function in 

synaptic and behavioural memory. Nat Rev Neurosci 3:175-190. 
Lisman JE, Otmakhova NA (2001) Storage, recall, and novelty detection of sequences 

by the hippocampus: elaborating on the SOCRATIC model to account for 
normal and aberrant effects of dopamine. Hippocampus 11:551-568. 

 
Liu SJ, Zhang AH, Li HL, Wang Q, Deng HM, Netzer WJ, Xu H, Wang JZ (2003) 

Overactivation of glycogen synthase kinase-3 by inhibition of 
phosphoinositol-3 kinase and protein kinase C leads to 
hyperphosphorylation of tau and impairment of spatial memory. J 
Neurochem 87:1333-1344. 

 
Liu ZH, Chuang DM, Smith CB (2011) Lithium ameliorates phenotypic deficits in a 

mouse model of fragile X syndrome. Int J Neuropsychopharmacol 14:618-
630. 

 



96 
 

Liu ZH, Huang T, Smith CB (2012) Lithium reverses increased rates of cerebral 
protein synthesis in a mouse model of fragile X syndrome. Neurobiol Dis 
45:1145-1152. 

 
Maddalena A, Richards CS, McGinniss MJ, Brothman A, Desnick RJ, Grier RE, Hirsch 

B, Jacky P, McDowell GA, Popovich B, Watson M, Wolff DJ (2001) Technical 
standards and guidelines for fragile X: the first of a series of disease-specific 
supplements to the Standards and Guidelines for Clinical Genetics 
Laboratories of the American College of Medical Genetics. Quality Assurance 
Subcommittee of the Laboratory Practice Committee. Genet Med 3:200-205. 

 
Malenka RC, Bear MF (2004) LTP and LTD: an embarrassment of riches. Neuron 

44:5-21. 
 
Man HY, Wang Q, Lu WY, Ju W, Ahmadian G, Liu L, D'Souza S, Wong TP, Taghibiglou 

C, Lu J, Becker LE, Pei L, Liu F, Wymann MP, MacDonald JF, Wang YT (2003) 
Activation of PI3-kinase is required for AMPA receptor insertion during LTP 
of mEPSCs in cultured hippocampal neurons. Neuron 38:611-624. 

 
Manahan-Vaughan D, Kulla A, Frey JU (2000) Requirement of translation but not 

transcription for the maintenance of long-term depression in the CA1 region 
of freely moving rats. J Neurosci 20:8572-8576. 

 
Manoukian AS, Woodgett JR (2002) Role of glycogen synthase kinase-3 in cancer: 

regulation by Wnts and other signaling pathways. Adv Cancer Res 84:203-
229. 

 
Marr D (1971) Simple memory: a theory for archicortex. Philos Trans R Soc Lond B 

Biol Sci 262:23-81. 
 
Martinez A, Alonso M, Castro A, Perez C, Moreno FJ (2002) First non-ATP 

competitive glycogen synthase kinase 3 beta (GSK-3beta) inhibitors: 
thiadiazolidinones (TDZD) as potential drugs for the treatment of 
Alzheimer's disease. J Med Chem 45:1292-1299. 

 
Mayer ML, Westbrook GL, Guthrie PB (1984) Voltage-dependent block by Mg2+ of 

NMDA responses in spinal cord neurones. Nature 309:261-263. 
 
McBride SM, Choi CH, Wang Y, Liebelt D, Braunstein E, Ferreiro D, Sehgal A, Siwicki 

KK, Dockendorff TC, Nguyen HT, McDonald TV, Jongens TA (2005) 
Pharmacological rescue of synaptic plasticity, courtship behavior, and 
mushroom body defects in a Drosophila model of fragile X syndrome. Neuron 
45:753-764. 

 
McHugh TJ, Jones MW, Quinn JJ, Balthasar N, Coppari R, Elmquist JK, Lowell BB, 

Fanselow MS, Wilson MA, Tonegawa S (2007) Dentate gyrus NMDA receptors 



97 
 

mediate rapid pattern separation in the hippocampal network. Science 
317:94-99. 

 
McQuown SC, Barrett RM, Matheos DP, Post RJ, Rogge GA, Alenghat T, Mullican SE, 

Jones S, Rusche JR, Lazar MA, Wood MA (2011) HDAC3 is a critical negative 
regulator of long-term memory formation. J Neurosci 31:764-774. 

 
Milner B (1972) Disorders of learning and memory after temporal lobe lesions in 

man. Clin Neurosurg 19:421-446. 
 
Min WW, Yuskaitis CJ, Yan Q, Sikorski C, Chen S, Jope RS, Bauchwitz RP (2009) 

Elevated glycogen synthase kinase-3 activity in Fragile X mice: key metabolic 
regulator with evidence for treatment potential. Neuropharmacology 56:463-
472. 

 
Mines MA, Yuskaitis CJ, King MK, Beurel E, Jope RS (2010) GSK3 influences social 

preference and anxiety-related behaviors during social interaction in a 
mouse model of fragile X syndrome and autism. PLoS One 5:e9706. 

 
Mineur YS, Sluyter F, de Wit S, Oostra BA, Crusio WE (2002) Behavioral and 

neuroanatomical characterization of the Fmr1 knockout mouse. 
Hippocampus 12:39-46. 

 
Mizuno M, Yamada K, Takei N, Tran MH, He J, Nakajima A, Nawa H, Nabeshima T 

(2003) Phosphatidylinositol 3-kinase: a molecule mediating BDNF-
dependent spatial memory formation. Molecular psychiatry 8:217-224. 

 
Morfini G, Szebenyi G, Brown H, Pant HC, Pigino G, DeBoer S, Beffert U, Brady ST 

(2004) A novel CDK5-dependent pathway for regulating GSK3 activity and 
kinesin-driven motility in neurons. EMBO J 23:2235-2245. 

 
Mukai F, Ishiguro K, Sano Y, Fujita SC (2002) Alternative splicing isoform of tau 

protein kinase I/glycogen synthase kinase 3beta. J Neurochem 81:1073-
1083. 

 
Mulkey RM, Herron CE, Malenka RC (1993) An essential role for protein 

phosphatases in hippocampal long-term depression. Science 261:1051-1055. 
 
Mulkey RM, Endo S, Shenolikar S, Malenka RC (1994) Involvement of a 

calcineurin/inhibitor-1 phosphatase cascade in hippocampal long-term 
depression. Nature 369:486-488. 

 
Musumeci SA, Bosco P, Calabrese G, Bakker C, De Sarro GB, Elia M, Ferri R, Oostra BA 

(2000) Audiogenic seizures susceptibility in transgenic mice with fragile X 
syndrome. Epilepsia 41:19-23. 

 



98 
 

Nicoll RA (2003) Expression mechanisms underlying long-term potentiation: a 
postsynaptic view. Philos Trans R Soc Lond B Biol Sci 358:721-726. 

 
Nielson KA, Langenecker SA, Garavan H (2002) Differences in the functional 

neuroanatomy of inhibitory control across the adult life span. Psychol Aging 
17:56-71. 

 
Nowak L, Bregestovski P, Ascher P, Herbet A, Prochiantz A (1984) Magnesium gates 

glutamate-activated channels in mouse central neurones. Nature 307:462-
465. 

 
O'Reilly RC, McClelland JL (1994) Hippocampal conjunctive encoding, storage, and 

recall: avoiding a trade-off. Hippocampus 4:661-682. 
 
Pacey LK, Doss L, Cifelli C, van der Kooy D, Heximer SP, Hampson DR (2011) Genetic 

deletion of regulator of G-protein signaling 4 (RGS4) rescues a subset of 
fragile X related phenotypes in the FMR1 knockout mouse. Molecular and 
cellular neurosciences 46:563-572. 

 
Palomo V, Soteras I, Perez DI, Perez C, Gil C, Campillo NE, Martinez A (2011) 

Exploring the binding sites of glycogen synthase kinase 3. Identification and 
characterization of allosteric modulation cavities. J Med Chem 54:8461-8470. 

 
Paradee W, Melikian HE, Rasmussen DL, Kenneson A, Conn PJ, Warren ST (1999) 

Fragile X mouse: strain effects of knockout phenotype and evidence 
suggesting deficient amygdala function. Neuroscience 94:185-192. 

Peier AM, McIlwain KL, Kenneson A, Warren ST, Paylor R, Nelson DL (2000) 
(Over)correction of FMR1 deficiency with YAC transgenics: behavioral and 
physical features. Human molecular genetics 9:1145-1159. 

 
Peineau S, Taghibiglou C, Bradley C, Wong TP, Liu L, Lu J, Lo E, Wu D, Saule E, 

Bouschet T, Matthews P, Isaac JT, Bortolotto ZA, Wang YT, Collingridge GL 
(2007) LTP inhibits LTD in the hippocampus via regulation of GSK3beta. 
Neuron 53:703-717. 

 
Pieretti M, Zhang FP, Fu YH, Warren ST, Oostra BA, Caskey CT, Nelson DL (1991) 

Absence of expression of the FMR-1 gene in fragile X syndrome. Cell 66:817-
822. 

 
Plotkin B, Kaidanovich O, Talior I, Eldar-Finkelman H (2003) Insulin mimetic action 

of synthetic phosphorylated peptide inhibitors of glycogen synthase kinase-
3. J Pharmacol Exp Ther 305:974-980. 

 
Ponce-Lopez T, Liy-Salmeron G, Hong E, Meneses A (2011) Lithium, phenserine, 

memantine and pioglitazone reverse memory deficit and restore phospho-



99 
 

GSK3beta decreased in hippocampus in intracerebroventricular 
streptozotocin induced memory deficit model. Brain Res 1426:73-85. 

 
Powell CM, Johnston D, Sweatt JD (1994) Autonomously active protein kinase C in 

the maintenance phase of N-methyl-D-aspartate receptor-independent long 
term potentiation. J Biol Chem 269:27958-27963. 

 
Ray WJ, Jr., Szymanki ES, Ng L (1978) The binding of lithium and of anionic 

metabolites to phosphoglucomutase. Biochim Biophys Acta 522:434-442. 
 
Rockenstein E, Torrance M, Adame A, Mante M, Bar-on P, Rose JB, Crews L, Masliah 

E (2007) Neuroprotective effects of regulators of the glycogen synthase 
kinase-3beta signaling pathway in a transgenic model of Alzheimer's disease 
are associated with reduced amyloid precursor protein phosphorylation. J 
Neurosci 27:1981-1991. 

 
Rolls ET (1996) A theory of hippocampal function in memory. Hippocampus 6:601-

620. 
 
Rolls ET, Kesner RP (2006) A computational theory of hippocampal function, and 

empirical tests of the theory. Progress in neurobiology 79:1-48. 
 
Rudelli RD, Brown WT, Wisniewski K, Jenkins EC, Laure-Kamionowska M, Connell F, 

Wisniewski HM (1985) Adult fragile X syndrome. Clinico-neuropathologic 
findings. Acta Neuropathol 67:289-295. 

Ryves WJ, Harwood AJ (2001) Lithium inhibits glycogen synthase kinase-3 by 
competition for magnesium. Biochem Biophys Res Commun 280:720-725. 

 
Santoro MR, Bray SM, Warren ST (2012) Molecular mechanisms of fragile X 

syndrome: a twenty-year perspective. Annu Rev Pathol 7:219-245. 
 
Scheiderer CL, Smith CC, McCutchen E, McCoy PA, Thacker EE, Kolasa K, Dobrunz LE, 

McMahon LL (2008) Coactivation of M(1) muscarinic and alpha1 adrenergic 
receptors stimulates extracellular signal-regulated protein kinase and 
induces long-term depression at CA3-CA1 synapses in rat hippocampus. J 
Neurosci 28:5350-5358. 

 
Scoville WB, Milner B (1957) Loss of recent memory after bilateral hippocampal 

lesions. J Neurol Neurosurg Psychiatry 20:11-21. 
 
Sereno L, Coma M, Rodriguez M, Sanchez-Ferrer P, Sanchez MB, Gich I, Agullo JM, 

Perez M, Avila J, Guardia-Laguarta C, Clarimon J, Lleo A, Gomez-Isla T (2009) 
A novel GSK-3beta inhibitor reduces Alzheimer's pathology and rescues 
neuronal loss in vivo. Neurobiol Dis 35:359-367. 

 



100 
 

Shang Y, Wang H, Mercaldo V, Li X, Chen T, Zhuo M (2009) Fragile X mental 
retardation protein is required for chemically-induced long-term 
potentiation of the hippocampus in adult mice. J Neurochem 111:635-646. 

 
Sidorov MS, Auerbach BD, Bear MF (2013) Fragile X mental retardation protein and 

synaptic plasticity. Mol Brain 6:15. 
 
Siomi H, Siomi MC, Nussbaum RL, Dreyfuss G (1993) The protein product of the 

fragile X gene, FMR1, has characteristics of an RNA-binding protein. Cell 
74:291-298. 

 
Snyder EM, Philpot BD, Huber KM, Dong X, Fallon JR, Bear MF (2001) Internalization 

of ionotropic glutamate receptors in response to mGluR activation. Nat 
Neurosci 4:1079-1085. 

 
Spencer CM, Alekseyenko O, Serysheva E, Yuva-Paylor LA, Paylor R (2005) Altered 

anxiety-related and social behaviors in the Fmr1 knockout mouse model of 
fragile X syndrome. Genes Brain Behav 4:420-430. 

 
Stambolic V, Ruel L, Woodgett JR (1996) Lithium inhibits glycogen synthase kinase-

3 activity and mimics wingless signalling in intact cells. Curr Biol 6:1664-
1668. 

 
Stefanko DP, Barrett RM, Ly AR, Reolon GK, Wood MA (2009) Modulation of long-

term memory for object recognition via HDAC inhibition. Proc Natl Acad Sci U 
S A 106:9447-9452. 

 
Sutcliffe JS, Nelson DL, Zhang F, Pieretti M, Caskey CT, Saxe D, Warren ST (1992) 

DNA methylation represses FMR-1 transcription in fragile X syndrome. 
Human molecular genetics 1:397-400. 

 
Sutherland C, Leighton IA, Cohen P (1993) Inactivation of glycogen synthase kinase-

3 beta by phosphorylation: new kinase connections in insulin and growth-
factor signalling. Biochem J 296 ( Pt 1):15-19. 

 
Suvrathan A, Hoeffer CA, Wong H, Klann E, Chattarji S (2010) Characterization and 

reversal of synaptic defects in the amygdala in a mouse model of fragile X 
syndrome. Proc Natl Acad Sci U S A 107:11591-11596. 

 
Szatmari E, Habas A, Yang P, Zheng JJ, Hagg T, Hetman M (2005) A positive feedback 

loop between glycogen synthase kinase 3beta and protein phosphatase 1 
after stimulation of NR2B NMDA receptors in forebrain neurons. J Biol Chem 
280:37526-37535. 

 
Tanila H (1999) Hippocampal place cells can develop distinct representations of two 

visually identical environments. Hippocampus 9:235-246. 



101 
 

 
Terwel D, Muyllaert D, Dewachter I, Borghgraef P, Croes S, Devijver H, Van Leuven F 

(2008) Amyloid activates GSK-3beta to aggravate neuronal tauopathy in 
bigenic mice. Am J Pathol 172:786-798. 

 
Thornton TM, Pedraza-Alva G, Deng B, Wood CD, Aronshtam A, Clements JL, Sabio G, 

Davis RJ, Matthews DE, Doble B, Rincon M (2008) Phosphorylation by p38 
MAPK as an alternative pathway for GSK3beta inactivation. Science 320:667-
670. 

 
Toledo EM, Inestrosa NC (2010) Activation of Wnt signaling by lithium and 

rosiglitazone reduced spatial memory impairment and neurodegeneration in 
brains of an APPswe/PSEN1DeltaE9 mouse model of Alzheimer's disease. 
Molecular psychiatry 15:272-285, 228. 

 
Treves A (2004) Computational constraints between retrieving the past and 

predicting the future, and the CA3-CA1 differentiation. Hippocampus 14:539-
556. 

 
Vecsey CG, Hawk JD, Lattal KM, Stein JM, Fabian SA, Attner MA, Cabrera SM, 

McDonough CB, Brindle PK, Abel T, Wood MA (2007) Histone deacetylase 
inhibitors enhance memory and synaptic plasticity via CREB:CBP-dependent 
transcriptional activation. J Neurosci 27:6128-6140. 

 
Ventura R, Pascucci T, Catania MV, Musumeci SA, Puglisi-Allegra S (2004) Object 

recognition impairment in Fmr1 knockout mice is reversed by amphetamine: 
involvement of dopamine in the medial prefrontal cortex. Behavioural 
pharmacology 15:433-442. 

 
Volk LJ, Pfeiffer BE, Gibson JR, Huber KM (2007) Multiple Gq-coupled receptors 

converge on a common protein synthesis-dependent long-term depression 
that is affected in fragile X syndrome mental retardation. J Neurosci 
27:11624-11634. 

 
Wagman AS, Johnson KW, Bussiere DE (2004) Discovery and development of GSK3 

inhibitors for the treatment of type 2 diabetes. Curr Pharm Des 10:1105-
1137. 

 
Wan L, Dockendorff TC, Jongens TA, Dreyfuss G (2000) Characterization of dFMR1, a 

Drosophila melanogaster homolog of the fragile X mental retardation 
protein. Molecular and cellular biology 20:8536-8547. 

 
Weiler IJ, Irwin SA, Klintsova AY, Spencer CM, Brazelton AD, Miyashiro K, Comery 

TA, Patel B, Eberwine J, Greenough WT (1997) Fragile X mental retardation 
protein is translated near synapses in response to neurotransmitter 
activation. Proc Natl Acad Sci U S A 94:5395-5400. 



102 
 

 
Westphal RS, Coffee RL, Jr., Marotta A, Pelech SL, Wadzinski BE (1999) Identification 

of kinase-phosphatase signaling modules composed of p70 S6 kinase-protein 
phosphatase 2A (PP2A) and p21-activated kinase-PP2A. J Biol Chem 
274:687-692. 

 
Woodgett JR (1990) Molecular cloning and expression of glycogen synthase kinase-

3/factor A. EMBO J 9:2431-2438. 
 
Yan QJ, Asafo-Adjei PK, Arnold HM, Brown RE, Bauchwitz RP (2004) A phenotypic 

and molecular characterization of the fmr1-tm1Cgr fragile X mouse. Genes 
Brain Behav 3:337-359. 

 
Yeh SH, Lin CH, Gean PW (2004) Acetylation of nuclear factor-kappaB in rat 

amygdala improves long-term but not short-term retention of fear memory. 
Mol Pharmacol 65:1286-1292. 

 
Yun SH, Trommer BL (2011) Fragile X mice: reduced long-term potentiation and N-

Methyl-D-Aspartate receptor-mediated neurotransmission in dentate gyrus. J 
Neurosci Res 89:176-182. 

Yuskaitis CJ, Beurel E, Jope RS (2010a) Evidence of reactive astrocytes but not 
peripheral immune system activation in a mouse model of Fragile X 
syndrome. Biochim Biophys Acta 1802:1006-1012. 

 
Yuskaitis CJ, Mines MA, King MK, Sweatt JD, Miller CA, Jope RS (2010b) Lithium 

ameliorates altered glycogen synthase kinase-3 and behavior in a mouse 
model of fragile X syndrome. Biochem Pharmacol 79:632-646. 

 
Zakharenko SS, Patterson SL, Dragatsis I, Zeitlin SO, Siegelbaum SA, Kandel ER, 

Morozov A (2003) Presynaptic BDNF required for a presynaptic but not 
postsynaptic component of LTP at hippocampal CA1-CA3 synapses. Neuron 
39:975-990. 

 
Zalutsky RA, Nicoll RA (1990) Comparison of two forms of long-term potentiation in 

single hippocampal neurons. Science 248:1619-1624. 
 
Zhang YQ, Bailey AM, Matthies HJ, Renden RB, Smith MA, Speese SD, Rubin GM, 

Broadie K (2001) Drosophila fragile X-related gene regulates the MAP1B 
homolog Futsch to control synaptic structure and function. Cell 107:591-603. 

 
 



103 
 

 

 

 

 

 

 

APPENDIX 

IACUC APPROVAL FORMS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



104 
 

 

 

 

 



105 
 

 


	Elucidating the role of GSK3 in synaptic and cognitive deficits in Fragile X Syndrome
	Recommended Citation

	title page.pdf
	abstract
	dedication
	acknowledgments
	table of contents
	list of figures
	abbreviations
	introduction
	chapter 1
	chapter 2
	discussion
	references
	appendix

