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Development of cognitive function requires the formation and refinement of synaptic networks
of neurons in the brain. Morphological abnormalities of synaptic spines occur throughout the
brain in a wide variety of syndromic and non-syndromic disorders of mental retardation (MR). In
both neurons from human post-mortem tissue and mouse models of retardation, the changes
observed in synaptic spine and dendritic morphology can be subtle, in the range of 10-20%
alterations for spine protrusion length and density. Functionally, synapses in hippocampus
and cortex show deficits in long-term potentiation (LTP) and long-term depression (LTD) in
an array of neurodevelopmental disorders including Down's, Angelman, Fragile X and Rett
syndrome. Recent studies have shown that in principle the machinery for synaptic plasticity is
in place in these synapses, but that significant alterations in spike-timing-dependent plasticity
(STDP) induction rules exist in cortical synaptic pathways of Fragile X MR syndrome. In this
model, the threshold for inducing timing-dependent long-term potentiation (tLTP) is increased
in these synapses. Increased postsynaptic activity can overcome this threshold and induce
normal levels of tLTR In this review, we bring together recent studies investigating STDP in
neurodevelopmental learning disorders using Fragile X syndrome as a model and we argue
that alterations in dendritic excitability underlie deficits seen in STDP. Known and candidate
dendritic mechanisms that may underlie the plasticity deficits are discussed. Studying STDP
in monogenic MR syndromes with clear deficits in information processing at the cognitive
level also provides the field with an opportunity to make direct links between cognition and

processing rules at the synapse during development.
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INTRODUCTION: MENTAL RETARDATION, SYNAPSE
PATHOLOGY AND PLASTICITY

The formation and refinement of synaptic connections in the brain
is crucial for development of cognitive function. Changing synaptic
strength is widely believed to be a cellular mechanism underlying
storage of information in the brain (Martin et al., 2000). Mental
retardation (MR) is characterized by deficits in learning and mem-
ory with significantly low IQ levels (<70) and often accompanied
by impaired social communication and autistic traits. Over the
last decade, traditional methods for studying synaptic plasticity
in mouse models for MR syndromes have revealed alterations in
long-term potentiation (LTP) and long-term depression (LTD)
using tetanic stimulation protocols or chemical induction methods.
Deficits in LTP using these paradigms are reported in hippocampal
and cortical synapses in an array of syndromes including Down’s
(Siarey et al., 1997), Angelman (Jiang et al., 1998; Weeber et al.,
2003), Fragile X (Li et al., 2002) and Rett syndrome (Asaka et al.,
2006; Moretti et al., 2006). A number of impairments in intracel-
lular signaling pathways are implicated in these differing forms
of retardation, which often have co-morbidity for autistic traits
and epilepsy. However, this variety of signaling deficits all lead to
changes in synaptic plasticity and show abnormalities in dendrite
and synaptic structures in the brain.

SYNAPSE AND DENDRITE STRUCTURAL ABNORMALITIES

There are many signaling pathways implicated in the underlying
causes of MR but the majority have direct interactions with Rho,
Rac and Ras small GTPases (Ramakers, 2002; Newey et al., 2005).
These proteins are all key regulators of the actin and microtu-
bule cytoskeleton and affect both the structure and function of
dendrites and synapses. A morphological characteristic common
to many different forms of syndromic and non-syndromic MR
is an altered filopodia-to-spine ratio and abnormal distribution
of dendritic protrusions in both humans and mouse models for
MR (Ramakers, 2002). The majority of excitatory synapses in the
brain are made on to these dendritic protrusions. Over the course
of normal development, long, thin filopodia commonly found in
immature networks are replaced in later stages by shorter, more
stubby spines (Harris, 1999). Spine abnormalities in MR are seen
in many different brain regions and during both early and late
stages of postnatal development (Purpura, 1974). For example, in
the Fmr1-KO mouse model of Fragile X syndrome, more imma-
ture filopodial protrusions are observed along with an increased
protrusion density along the dendrite (Irwin et al., 2000) and
are seen from the end of the first postnatal week (Nimchinsky
et al,, 2001). In Rett syndrome, differing spine distribution pat-
terns are reported in mouse models but the overall consensus is
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of a decrease in spine density at symptomatic stages, in line with
findings in human post-mortem tissue and methyl CpG binding
protein 2 (MeCP2) knockdown in cell cultures (Chapleau et al.,
2009). Manipulation of expression levels of Rho and Rac GTPases
in cultured neurons also leads to clear changes in spine morphol-
ogy. Expression of a constitutively active form of Rac in mice leads
to increased spine density and reduction in spine size (Luo et al.,
1996; Tashiro et al., 2000). In contrast, expression of constitutively
active Rho led to dramatic decreases in spine density, reduction in
spine length and in some cases an absence of spines on pyramidal
neurons (Tashiro et al., 2000).

Abnormalities of dendrite morphology in the brain are also a
feature common to many different forms of MR (Kaufmann and
Moser, 2000; Nadif Kasri and Van Aelst, 2008). The distribution
of dendritic branching patterns shows abnormalities in cortical
neurons in genetic forms of MR, such as Rett and Fragile X syn-
dromes, (Kaufmann and Moser, 2000; Galvez et al., 2003; Restivo
etal.,2005). Dendritic morphology is significantly altered following
alteration of Rac and Rho expression levels, with Rac and Cdc42
increasing the growth and branching of neurites whereas Rho may
act to negatively regulate dendritic growth (Threadgill et al., 1997;
Negishi and Katoh, 2005). Thus, Rac and Rho both play a role in
spine and dendrite morphology, with Rac promoting protrusion
and branch growth and Rho having a regulatory role in dendrite
and spine formation and maintenance. In the Fmr1-KO mouse
model, Fragile X Mental Retardation Protein (FMRP) interacts
directly with two cytoplastic proteins located in synaptosome
extracts, CYFIP1/2 (Schenck et al., 2001), with CYFIP1 interacting
with Racl small Rho GTPase (Kobayashi et al., 1998). Mutations in
regulators and effectors of Rho GTPases have been associated with
MR (Nadif Kasri and Van Aelst, 2008). Thus, effects upon spine
dysmorphogenesis single gene MR disorders are likely to arise via
effects mediated by interactions with pathways such as Rho and
Rac signaling cascades.

The direct influence of spine morphology on spike-timing-
dependent plasticity (STDP) has not been widely studied, although
the effects of spine shape upon biochemical and electrical com-
partmentalization of synaptic input and AP backpropagation
are beginning to be understood (see later section on ‘Dendritic
Excitability’). Geometry of the postsynaptic spine is correlated with
functional AMPA receptor expression, with thin long-necked pro-
trusions showing little or no sensitivity to synaptic glutamate and
thicker spines of greater volume showing large glutamate-induced
synaptic currents (Matsuzaki et al.,2001). Thus the greater propor-
tion of longer protrusions reported in Fragile X syndrome, par-
ticularly in early cortical development (Nimchinsky et al., 2001)
may account for a higher proportion of silent synapses observed
in sensory cortex (Harlow et al., 2010). Changes in dendritic spines
and dendritic branching underlying MR syndromes can be small,
in the region of 10-20% in cortex and hippocampus. These small
structural changes cause only modest or no significant effects on
the somatic-recordings of overall baseline measures of quantal syn-
aptic function in MR models (Jiang et al., 1998; Braun and Segal,
2000; Desai et al., 2006; Pfeiffer and Huber, 2007; Best et al., 2008).
However, these structural changes and the intracellular signaling
mediated across the synaptic junctions have significant effects upon
the synaptic plasticity in cortical and hippocampal circuits. In the

Fmr1-KO mouse, an impairment in Ras-dependent trafficking of
AMPA receptor subunits underlies a decrease in the level of LTP
following a pairing protocol in cultured slices (Hu et al., 2008).
By enhancing Ras signaling directly or via manipulation of the
PI3K-PKB pathway, the deficits in paired LTP could be overcome,
thus demonstrating a direct signaling cascade link between factors
affecting both spine morphology and synapse plasticity.

STDP IN MOUSE MODELS FOR INHERITED MENTAL
RETARDATION

Activity-dependent alterations in synapse strength are key fac-
tors in refining neural circuits and learning based on experience.
Compromised synaptic plasticity is likely to contribute to deficits
underlying cognitive impairments in many MR syndromes. In the
last decades, it has become clear that synapse strength can be modi-
fied depending on the millisecond timing of action potential firing
with the sign of synaptic plasticity depending on the spike order
of presynaptic and postsynaptic neurons (Levy and Steward, 1983;
Gustafsson et al., 1987; Bell et al., 1997; Magee and Johnston, 1997;
Markram et al., 1997). By varying the timing and order of pre- and
postsynaptic spiking, it was found that critical time windows exist
for synaptic modification on the order of tens of milliseconds (Bi
and Poo, 1998, 2001). Recently, it was found that induction rules
for timing-dependent LTP (tLTP) and LTD (tLTD) are different in
two mouse models for the X-linked syndromes of Rett and Fragile
X. These syndromes, although caused by different distinct muta-
tions on the X chromosome, have an overlap of phenotypic fea-
tures such as MR and co-morbidity of autistic traits and epilepsy
in some cases.

POSTSYNAPTIC THRESHOLD FOR STDP

Spike-timing-dependent plasticity protocols with timing-dependent
stimulation of pre- and postsynaptic activity using single postsyn-
aptic action potentials were tested in the Fmr1-KO mouse, a model
for Fragile X syndrome (Bakker et al., 1994). Fragile X syndrome,
resulting from mutations in the Fmr1 gene on the X chromosome
(Jin and Warren, 2000), is accompanied by significantly reduced
or absent levels of FMRP which plays a key role in regulation of
mRNA translation at or near dendritic spines (Weiler et al., 1997;
Zalfaetal.,2003). In sensory and prefrontal cortex, there is a deficit
in tLTP in sensory and prefrontal cortex from 2- to 3-week-old
Fmr1-KO mice (Desai et al., 2006; Meredith et al., 2007). A simi-
lar deficit in tLTP was also observed in prefrontal cortex of older
Fmr1-KO mice (Meredith et al.,2007). In hippocampal cultures and
slices, a timing-dependent pairing protocol also showed a reduc-
tion in LTP in Fmr1-KO mice (Hu et al., 2008). Thus in both hip-
pocampal and cortical tissue, timing-dependent stimulation with
single postsynaptic action potentials revealed tLTP deficits in the
Fmr1-KO mouse.

Absence of LTP could imply that the cellular machinery to support
plasticity is not present in the dendrites and spines. Fragile X Mental
Retardation Protein acts as a local regulator of mRNA translation
and affects a number of cytoskeletal and synaptic proteins, many
of which could have deleterious effects on plasticity. However, it
was possible to overcome the deficits in tLTP by enhancement of
postsynaptic activity or intracellular signaling factors. In 2-week-old
cortex, increasing the level of postsynaptic stimulation from single
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action potentials to postsynaptic bursting activity in vitro rescued
the tLTP deficit in Fmr1-KO mice (Meredith et al., 2007). Boosting
postsynaptic activity via environmental enrichment stimulation for
2 months prior to recording also improved tLTP in old prefrontal cor-
tex of Fmr1-KO mice (Meredith et al., 2007). Thus at both develop-
mental ages, increased postsynaptic stimulation in STDP paradigms
was able to demonstrate that cortical synapses in Fmr1-KO mice
could potentiate but that stronger activity was necessary to rescue
the synaptic plasticity impairment. Furthermore, the mechanisms
capable of supporting potentiation are still present in the synapse
but require a higher threshold for activation (see Figure 1). These
findings echo data using traditional synaptic plasticity paradigms in
Fmr1-KO mice: no significant differences in field TP were reported
initially in the Fmr1-KO mouse model following tetanic stimulation
in hippocampus (Godfraind etal., 1996; Paradee et al., 1999; Liet al.,
2002). However, reduced I'TP induction was later observed with weak
but not strong theta-burst stimulation in hippocampus (Lauterborn
etal.,,2007), suggesting that use of strong stimulation to induce LTP
can mask some of the subtle changes in plasticity and overcome
‘threshold’ limitations that may be present in more physiological
stimulation patterns in the retardation syndrome.

The idea of a higher threshold for induction of plasticity is not
unique to Fragile X syndrome and is emerging as a common fac-
tor from data in other mouse models. In the UBE3A-KO mouse
model for Angelman syndrome, a similar higher threshold level for
induction of plasticity using tetanic and theta-burst stimulation
paradigms is observed in neocortex and in hippocampus (Jiang
et al., 1998; Weeber et al., 2003; Yashiro et al., 2009). Deficits in
the Ts65Dn mouse model for Down’s syndrome observed with
theta-burst stimulation can also be overcome with stronger tetanic
paradigms or by unblocking inhibition (Kleschevnikov et al., 2004;
Costa and Grybko, 2005). A modifiable threshold level to describe
the balance of potentiation and depression in synapses is described
in the Bienenstock, Cooper, Munro (BCM) model (Bienenstock
et al., 1982). Here, the threshold for modification is a non-linear
function of postsynaptic activity in the synapses with low activity
levels leading to depression and higher rates leading to potentiation.
The application of this theory to STDP protocols is not straightfor-
ward but has been applied to experimental data using triplet spiking
rules and a burst-firing paradigm with differing postsynaptic activ-
ity levels (Sjostrom et al., 2001; Morrison et al., 2008). In Fmr1-KO
mouse model, no evidence exists for a shift in BCM threshold at

( )
Control MR MR
Weak activity Weak activity Strong activity
DENDRITIC ALTERATIONS ?& dendritic branching patterns’ ? immature spiny protrusions?
IN FRX MODEL OF MR
&V—G calcium channels®# ¢ K+ channel conductance® ? GABAergic inhibition®
'Kaufmann and Moser, 2000; 3Chen et al., 2003; SLiao et al., 2008;
2Bagni and Greenough, 2005; “Meredith et al., 2007; °D'Hulst and Kooy, 2007
\§ J
FIGURE 1 | Modulation of dendritic excitability in mental retardation (MR). etal., 2007). Abnormalities of dendritic branching patterns and spiny protrusion
tLTP can be induced in pyramidal neurons with single backpropagating APs density and maturity are observed in many forms of MR. A number of candidate
during a timing-dependent paradigm in control cortex but not in that from a mechanisms including down-regulation of calcium channels, increased
mouse model for Fragile X syndrome. Instead, the postsynaptic threshold for GABAergic inhibition and alteration of K* conductance affecting function of
tLTP is shifted in Fragile X MR synapses, requiring a burst of postsynaptic APs dendrites and spines may underlie this tLTP deficit to reduce the dendritic
during the STDP protocol to induce synaptic potentiation (data from Meredith excitability in the brain in MR syndromes.
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layer 2/3 cortical synapses, with tLTD and tLTP resulting from low
and high respective frequency of postsynaptic bursts during pair-
ing in a manner similar to WT synapses (Supplementary data in
Meredith et al., 2007).

Despite significant effects upon tLTP, timing-dependent syn-
aptic depression (tLTD) appears normal in both sensory and
prefrontal cortex of Fmr1-KO mice mouse (Desai et al., 2006;
Meredith et al., 2007). The reasons for this lack of change in
cortical synaptic depression in the Fmr1-KO mouse model are
not currently known. In hippocampus and cerebellum, plastic-
ity mechanisms for chemically-induced mGluR-mediated synap-
tic depression in the Fmr1-KO mouse reveal an enhanced LTD
(Huber et al., 2002; Koekkoek et al., 2005). These findings led to
the theory of altered signaling via group 1 mGluRs in Fragile X
syndrome (Bear et al., 2004). tLTD protocols can be considered
distinct from mGluR-dependent forms of synaptic depression,
relying on presynaptic rather than postsynaptic NMDA receptors
for induction (Rodriguez-Moreno and Paulsen, 2008; Banerjee
etal.,2009) and not being heavily-dependent upon protein synthe-
sis. Further investigations into these distinct synaptic depression
mechanisms in cortex, hippocampus and cerebellum may provide
mechanisms to explain the absence of effects upon tLTD in the
Fmr1-KO mouse to-date.

NEURODEVELOPMENTAL ONSET OF PLASTICITY

Many forms of autism and MR are classified as neurodevelopmental
cognitive disorders with noticeable onset of phenotypic symptoms
and immature dendritic spine morphology occurring during early
postnatal stages (Zoghbi, 2003). Rett syndrome is a neurodevelop-
mental disorder typified by autistic behaviors, movement impair-
ments and MR and caused by mutations in the X-linked MECP2
gene, which acts to regulation transcription (Nan et al., 1997; Amir
etal., 1999). A MECP2-null mouse model was created that develops
symptoms reminiscent of Rett syndrome with a delayed phenotypic
onset similar to the human condition (Chen et al., 2001; Guy et al.,
2001). Early onset of spine pathologies in MR raises the question
of whether abnormalities are causal for changes in synaptic plastic-
ity for example, or arise as a consequence of changes in synaptic
processing (Fiala et al., 2002). The MECP2 mouse model gives the
possibility to investigate the relationship between plasticity, synapse
morphology and behavioral abnormalities.

At pre-symptomatic stages of two postnatal weeks old, MECP2
mutant mice show no alterations in tLTP paradigms with single
postsynaptic action potentials in layer 5 of sensory cortex. At
4 weeks old, when onset of symptoms first occurs in MECP2 null
mice, tLTP is also unimpaired, despite decreases in synaptic con-
nectivity, weakened excitatory synapse strength and alteration in
excitatory/inhibitory balance (Dani et al., 2005; Dani and Nelson,
2009). Impairments in LTP, induced with tetanic or theta-burst
stimulation, are only seen in older symptomatic mice in both hip-
pocampus and cortex (Asaka et al., 2006; Moretti et al., 2006). This
suggests that deficits in synaptic plasticity seen after the onset of
behavioral abnormalities, occur as a consequence of baseline synap-
tic function and connectivity impairments (Guy et al.,2007). Thus,
alterations in mechanisms that underlie functional processing and
integration of signaling in both dendrites and spines are likely can-
didates for a role in MR pathophysiology regulating STDP.

DENDRITIC MECHANISMS AFFECTING LOCAL MEMBRANE
EXCITABILITY

Dendritic excitability plays a key role in understanding the
mechanisms of timing-dependent synaptic plasticity in the brain.
Structural alterations, as documented in MR syndromes, will have
profound effects upon distribution of ion channels in dendritic
membranes and resultant effects on active and passive processing
properties of signaling in the dendrites. During tLTP paradigms,
backpropagation of a single action potential depolarizes the den-
dritic membrane, opening voltage-gated calcium channels on both
the dendritic shaft (Callaway and Ross, 1995) and spines (Koester
and Sakmann, 1998). The action potential does not always propa-
gate throughout the entire dendritic tree and can follow a distant-
dependent profile with lack of signal at distal dendritic regions
(Jaffeetal., 1992). The degree of backpropagation into the dendrites
depends critically upon dendritic morphology, including dendritic
diameter and branching patterns (Vetter et al., 2001). Failure of
signal propagation can also occur after dendritic branching points
(Spruston et al., 1995). In Fragile X syndrome, alterations in basal
dendritic branching patterns have been observed in both visual
and somatosensory cortex of adult Fmr1-KO mice on a C57BL/6
background (Galvez et al., 2003; Restivo et al., 2005). Dendritic
excitability may also be affected via alterations in axonal arboriza-
tion patterns, with more spatially diffuse aborization seen during
arestricted developmental period in superficial barrel cortex layers
of the Fmr1-KO mouse (Bureau et al., 2008).

In modeling studies, the role of spine morphology on dendritic
excitability and AP backpropagation is shown to be influential,
where the inactivation threshold of sodium channels along the
dendrite and potentially in the spines can regulate signal failure
in the distal dendritic regions (Tsay and Yuste, 2002). In proximal
dendrites of cortical layer 5 pyramidal neurons, AP backpropaga-
tion reliably transmitted to large spines without loss of voltage
(Palmer and Stuart, 2009). However, the propagation into spines
on smaller, more distal dendrites or into the filopodial protrusions
with differing spine neck diameters and resistance more commonly
seen along dendrites in MR syndromes, could well differ. Thus,
alterations in dendritic morphology and cytoskeleton in retarda-
tion syndromes are likely to affect the efficacy of backpropagation
into the dendritic tree and have consequences upon integrative
signaling processes in dendritic compartments.

CALCIUM TRANSIENT FAILURES

Induction of LTP of excitatory synapses is critically dependent on
increases in postsynaptic calcium signaling during both tetanic
induction or STDP stimulation paradigms (Lynch et al., 1983;
Nevian and Sakmann, 2006). In pyramidal neurons of prefrontal
cortex from Fmrl-KO mice, action potential-mediated calcium
transients in both dendrites and postsynaptic spines were more
prone to failures than those in control neurons (Meredith et al.,
2007). Active properties of dendrites are strongly shaped by the
density, localization and properties of voltage-gated calcium chan-
nels distributed in the membrane (Magee and Johnston, 2005).
Dendrites and spines express a variety of different voltage-gated
calcium channels, localized to specific regions of the dendritic tree
and spine location on the dendrite (Magee and Johnston, 1995;
Bloodgood and Sabatini, 2007). In Fmr1-KO neurons in prefrontal
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cortex, calcium transients were less sensitive to L-type calcium
channel antagonists, that could explain the decrease in calcium
transients in these dendritic protrusions (Meredith et al., 2007).
L-type calcium channel protein levels were also found to be down-
regulated in frontal cortex in these KO mice (Chen et al., 2003).
L-type calcium channels are found in both dendrites and spines
and contribute to both resting calcium levels (Magee et al., 1996),
excitability of the dendrite in the hippocampus (Moyer et al., 1992)
and coupling of postsynaptic calcium influx activity to gene tran-
scription (Murphy et al., 1991). Blocking L-type calcium channels
in prefrontal cortex of wild-type mice prevents tLTP (Meredith
etal.,2007). Thus, alterations in L-type channels in dendritic spines
are one indicator of an impairment in activity-coupled plasticity
mechanisms mediated via calcium transients in neuronal dendrites
in Fragile X syndrome.

K* CHANNELS AND DENDRITE EXCITABILITY

Dendritic excitability is also modulated by alterations in the distri-
bution and modulatory state of sodium and potassium channels
in the dendritic membrane. Modeling studies demonstrate severe
attenuation of the spread of backpropagation via subtle alterations
in the distribution and density of sodium and potassium channels
along the dendrite (Golding et al., 2001). In the peripheral nerv-
ous system, such ‘channelopathies’ affect dendritic excitability and
mediate severe neuromuscular and cell signaling disorders. In tem-
poral lobe epilepsy, a channelopathy involving A-type potassium
channels directly modulates dendritic excitability via transcrip-
tional and post-translational mechanisms (Bernard et al., 2004).
The prevalence of epilepsy increases greatly with severe intellectual
disability in many forms of MR. In both human and mouse forms
of Fragile X syndrome, an increased incidence of epileptic activ-
ity is reported (Musumeci et al., 1999; Chen and Toth, 2001). It is
not currently known whether significant alterations in ion channel
distributions occur in dendrites in models of MR.

Levels of protein expression of specific potassium channels
revealed significant up-regulation in subunits of the G-protein cou-
pled inwardly-rectifying K* channel in hippocampus and frontal
cortex of the Ts65Dn mouse model for Down’s syndrome (Chie
et al., 2006). Proteomics analysis of cortical synaptosomes from
Fmr1-KO mice revealed a down-regulation in a set of proteins
governing membrane excitability, including a large conductance,
calcium-activated BK potassium channel subunit, Kcnmala (Liao
etal.,2008). BK ion channels are activated by membrane depolari-
zation and increases in intracellular calcium concentration, result-
ing in hyperpolarization and decreased local dendritic excitability
(Faber and Sah, 2003).

It is interesting to speculate that the increased threshold for
tLTP in dendrites of Fmr1-KO neurons point towards regional
dendritic impairments in excitability that are coupled to an
interplay between local calcium transients, voltage-activated ion
channels and synaptic stimulation. In prefrontal cortex, tLTP is
blocked by application of the group 1 mGluR antagonist MPEP
(Meredith et al., 2007) but the mechanisms governing this block-
ade are not known. The perisynaptic location of group 1 mGluRs
(Baude et al., 1993) make them ideally placed postsynaptically to
regulate dendritic channels governing excitability. Stimulation of
group 1 mGluRs on hippocampal dendrites causes depolarization

and firing of CA1 pyramidal cells, mediated by both voltage-gated
calcium channels and inhibition of differing potassium currents
(Anwyl, 1999). Although no changes in group 1 mGluR5 protein
expression alone are found in Fmr1-KO mice, the alteration in
linkage with postsynaptic density proteins such as Homer family
may have resultant effects on other dendritically-located post-
synaptic ion channels to mediate an alteration in excitability
(Giuffrida et al., 2005).

INHIBITORY DENDRITIC TONE

In addition to alterations in voltage-activated ion channels, another
key player affecting synaptic plasticity is the role of GABAergic
inhibition. In many different forms of MR, there are abnor-
malities in the balance of excitation to inhibition in the brain
(Kleschevnikov et al., 2004; Dani et al., 2005; Gibson et al., 2008).
GABAergic inhibition has significant effects on synaptic plasticity.
Blocking GABAergic inhibition via GABA-A receptors reveals tLTP
in mature hippocampal neurons (Meredith et al., 2003; Campanac
and Debanne, 2008) and also rescues LTP induction in a mouse
model for Down’s syndrome (Kleschevnikov et al., 2004). At the
dendritic level, interneurons target highly specific compartments of
dendrites of pyramidal neurons (Klausberger and Somogyi, 2008).
Alterations in inhibitory tone in dendritic branches would have
significant impact upon integration and plasticity at sites away
from the cell soma. Backpropagation of an AP along the apical
dendrite is under inhibitory regulation, suggesting that attenuation
or even failure of signaling could be due to increased inhibitory
tone (Tsubokawa and Ross, 1996; Meredith and Groen, 2010). Itis
not known whether inhibitory mechanisms in dendrites are altered
in MR. In Fragile X syndrome, decreased expression of mRNA and
protein levels of a number of GABA-A subunits are reported in
the Fmr1-KO mouse (El Idrissi et al., 2005; D’Hulst et al., 2006).
Furthermore, GABAergic inhibition at the network level is altered,
as seen by prolonged epileptoform activity and altered connectivity
in both hippocampus and cortex (Chuang et al., 2005; Gibson et al.,
2008). The disinhibition leading to epileptogenesis in the Fmr1-KO
model is sensitive to excitation via group 1 metabotropic recep-
tors, since the antagonist MPEP suppresses epileptiform discharges
in hippocampus (Chuang et al., 2005). Group 1 mGluRs are also
present on inhibitory interneurons (Lopez-Bendito et al., 2002).
Their direct activation may also regulate dendritic excitability of
pyramidal neurons via alterations in inhibitory tone upon dendritic
compartments. Dissection of the alterations in GABAergic inhibi-
tion, the role of specific interneurons involved and their activation
patterns may elucidate many of the impairments in synaptic plastic-
ity and network processing observed in the Fragile X retardation
model. This delicate balance of inhibition in the brain may be an
important feature common to many neurodevelopmental cognitive
disorders (Rubenstein and Merzenich, 2003).

SUMMARY

In summary, this review highlights timing-based cortical plastic-
ity in the Fragile X syndrome model of MR and proposes that
alterations in dendritic excitability underlie deficits seen in STDP.
Subtle alterations in dendritic and spine morphology can have dra-
matic effects on efficacy of calcium signaling throughout the den-
dritic tree, with downstream consequences on calcium-activated
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intracellular signaling cascades. In Fragile X syndrome, FMRP
interacts directly with many other proteins playing key roles in
synapse morphology and plasticity, including Rho GTPase family
members and excitatory mGluRs. Morphological abnormalities can
also alter the distribution of ion channels, in particular K* conduct-
ances that play a critical role in dendritic excitability. Finally, the
alteration in inhibition/excitation balance observed from measure-
ments at neuronal soma is likely to arise from significant imbal-
ances in dendritic compartments and as a consequence, alter local
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