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Development of neocortical circuits requires both genetic programs and sensory
experience-dependent modification of synaptic function. The rules that dictate how synapses
develop and respond to changing patterns of input influence both the emergence of receptive
fields and the capacity for learning. In turn, the factors that determine the rules for synaptic
plasticity are defined by the proteins functioning at the synapse. This project investigates
two proteins situated to have wide-reaching impacts on synaptic function.

One of the

challenges in detailing the roles a protein plays in regulating synapses is discerning not only
vi

its acute role on synaptic function, but also its long-term impact on circuit development.
Therefore, studying how a protein is engaged by physiological patterns of input in vivo over
an extended period of time will provide a broader picture of how it influences synaptic
function and circuit development.
mGluR5 has previously been implicated in several forms of plasticity that act to
directly weaken synaptic function. In this document, I provide evidence that the net-effect of
mGluR5 on synaptic function throughout the first few weeks of postnatal development is to
promote synaptic input pathway strength, as demonstrated in 2 prominent and wellcharacterized input pathways to L2/3 pyramidal cells of barrel cortex.

Furthermore, I

demonstrate a possible role for mGluR5 in a homeostatic mechanism, offsetting the enhanced
evoked synaptic input by suppressing both spontaneous transmission and intrinsic
excitability.
The transcription factor MEF2 also has established roles in regulating synaptic
function. However, much less is known about the synaptic mechanisms through which
MEF2 mediates its effects. Here, I implicate MEF2C as the critical MEF2 family member
involved in regulating synaptic function in L2/3 pyramidal cells in barrel cortex, and provide
potential synaptic and molecular mechanisms by which MEF2C regulates pathway input.
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CHAPTER ONE
Introduction
NEOCORTICAL CIRCUIT FORMATION AND SYNAPSE DEVELOPMENT

Information processing and neural circuits
The endeavor of understanding thought and memory on a biological level has been an
ongoing pursuit of philosophers and scientists dating back millennia.

Over time, the

individual pursuits of understanding memory and thought have been conflated to a single
biological phenomenon represented by the intricate process of disassembling and
reassembling information, and today this question can be framed in terms of how the brain
functions to process information. In this context, we can approach this problem with specific
questions designed to understand information processing on multiple levels, ranging from
molecular to cellular to circuit level. From a historical viewpoint, the smallest unit of
information processing was considered to be the neurons themselves. However, we now
know that it is the configuration and strength of connections between neurons, and by
extension the proteins and molecules that influence these connections, which ultimately
dictate how information is processed. Therefore, a multi-level approach is necessary to
understand the interplay between the molecular forces involved in this process and the
dynamic circuitry of the brain.
Information input signals coming into any given brain region can originate both
internally, such as in decision making and emotion processing, and externally, such as in the
case of sensory perception. By virtue of their intrinsic nature, internally generated input

1

2
signals are largely inaccessible to experimental manipulation, whereas externally generated
input signals can be precisely regulated and manipulated.

Indeed, much of the initial

characterization of neural circuits and network organization took place in brain regions
involved in sensory processing (Hubel & Wiesel 1959, Mountcastle 1957), and these
structures continue to be powerful tools for researchers investigating how information is
processed in the brain.

Although information signals generated by sensory stimuli are

relayed through several brain regions, much of the higher-order processing takes place in
neocortical structures.

This is in part due to the increased physical space allocated to

neocortex which covers the entire cerebral cortex, allowing for more processing units at
multiple levels (i.e. synapses and neurons). This enhanced potential for connectivity is not
limited to the circuitry within a given neocortical region, but also allows for extensive
communication with other brain regions. This high degree of integrative communication
results in information being processed in the context of other internally and externally
generated information, which ultimately manifests as the complete experience we perceive.
Therefore, understanding how perception is constructed begins with understanding the basic
unit of neural circuitry, which is the regulation of those synapses within the circuit.

Synapse Dynamics: Formation, Elimination, and Maintenance
One of the most fascinating and unique properties of the brain is its capacity to
reorganize the strength and configuration of cell-to-cell connections in response to incoming
information. Synaptic plasticity is thought to underlie the functional rewiring of cortical
circuits that takes place during development (Holtmaat & Svoboda 2009, Katz & Shatz
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1996). The primary locus of this plasticity is at the synapse itself and can be expressed as
either a binary (addition/elimination of a connection) or analog (strength change) mechanism
(Chklovskii et al 2004). Information processing and memory storage is thought to be
encoded through both of the mechanisms. Therefore, factors that regulate synaptic function
and gate its capacity to change are a critical component to neural circuitry.
Interestingly, the rules that govern synaptic plasticity are highly dependent upon a
number of factors including brain region, cell type, pattern of input activity, and
neurotransmission system(s) involved.

Furthermore, there is a strong developmental

component to synapse regulation. For instance, rules for the initiation of many forms of
synaptic plasticity change throughout development, such as in the case of spike-timing
dependent plasticity (STDP) at the L4L2/3 synapse in barrel cortex (Itami & Kimura
2012). Other forms of synaptic plasticity exist only in discrete developmental windows, such
as in the case of endocannabinoid-mediated heterosynaptic long-term depression (heteroLTD) in the hippocampus (Yasuda et al 2008) and visual cortex (Huang et al 2008).
Changes in the rules for plasticity are likely due in part to developmental changes in
expression and function of proteins involved in synaptic function, such as the developmental
switch in subunit composition of the NMDA receptor (Sheng et al 1994, Williams et al 1993)
which has profound implications in synapse maturation. Interestingly, this switch is not
simply due to a predetermined genetic program, but also requires neural activity and sensory
experience (Quinlan et al 1999), highlighting the requirement for external information in the
proper development of neural circuits. Some proteins even demonstrate a bidirectional
regulation of synaptic function in different developmental periods. This is the case for
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FMRP, which promotes synaptic function in hippocampal neurons early in development, but
suppresses it in more mature neurons (Zang et al 2013).
Most neocortical circuits develop in a typical manner characterized by discrete
periods of changing synaptic dynamics. After neurons migrate to their appropriate layers,
they begin sprouting dendritic and axonal arbors and making sparse connections. Over time,
these arbors become increasingly complex and the number of connections between cells rises
to the extent that an overabundance of connections exists. This is marked by not only large
scale restructuring of dendritic and axonal arbors, but also by a burst in formation of small
studded structures on the dendrites known as dendritic spines, which are thought to be the
locus of nearly all excitatory synapses (Harris & Kater 1994). During this period of highly
promiscuous connection formation, new connections are thought to be highly labile, a notion
based mostly on the structural observations that spines emerge and disappear at very high
rates during this time (Holtmaat et al 2005, Zuo et al 2005a). This dynamic process marked
by intense synapse turnover and hyper-connectivity may be necessary for the circuit to test a
large number of potential connection paths and refine them to reach the appropriate network
configuration (Chklovskii et al 2004).
As this stage of development comes to a close, synapse formation is attenuated, and
synapse strengthening becomes less permissible (Itami & Kimura 2012).

Meanwhile,

synapse elimination rates remain high, resulting in a reduction in both spine number
(Holtmaat et al 2005) net pruning of synaptic connections (Chen & Regehr 2000, Patel et al
2014). However, it is important to note that the observation that a net reduction in synapses
occurs during this stage is somewhat controversial, as other studies have reported no decerase
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in structural synapse number following synaptogenesis (Blue & Parnavelas 1983). This may
highlight one of the strong caveats associated with assaying structural synapses, which is that
this approach measures synapses from all input pathways, leaving it incapable of probing
region- or pathway-specific development of synapses.

Eventually, the rates of synapse

formation and elimination balance out, resulting in a stabilization of the net number of
synapses. These two processes remain active in adulthood in response to neural activity and
sensory experience, albeit to a lesser extent.

The role of sensory experience in circuit formation
Circuit formation in both developing and adult animals appear to employ the same
strategy: start with a large number of participating neurons and then sculpt from that some
optimal network path and strengthen the connections of the remaining neurons (Gdalyahu et
al 2012). If the system were to work in the opposite direction and employ a ‘generate and
test’ approach, in which new synaptic connections were formed in response to external
stimuli, it would likely run into a significant search problem that would take a much longer
time to achieve a similarly efficient network path (Chklovskii et al 2004). This refinement
process is dependent on neural activity and sensory experience. Indeed, sensory deprivation
during the critical period, which corresponds to the third postnatal week in rodents,
specifically reduces spine elimination rates while formation rates remain unaffected (Zuo et
al 2005b).

This supports the notion that the network encodes experience by pruning

unnecessary connections rather than forming de novo connections. However, experienceinduced synapse elimination is accompanied by a robust strengthening of the remaining
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synapses, as sensory enhancement strengthens individual synaptic connections (Clem et al
2008, Wen & Barth 2011). As expected, the summation of these two processes results in an
overall enhancement of the response of the network to stimuli, as sensory deprivation also
suppresses total functional input-pathway strength (Bureau et al 2008), which is the product
of both the number and strength of individual synapses.

Circuit pathology in neurological disease
Several neurological disorders are associated with dysfunctional cortical circuits. For
most disorders, the genesis of this dysfunction likely stems from abnormal circuit
development, whether genetic or environmental in nature – although some perturbations to
circuitry can be acquired in adulthood.

Many forms of epilepsy, for example, are

characterized by spike-and-wave discharges in the neocortex, and this is understood to be a
corruption of the normal circuitry (Beenhakker & Huguenard 2009).

Similarly, circuit

changes in different areas of prefrontal cortex are associated with obsessive-compulsive
disorder and depression (Deisseroth 2014) as well as schizophrenia (Beneyto & Lewis 2011).
In sensory cortices, the mouse model of Fragile-X Syndrome, an inherited form of mental
retardation and autism, displays a number of circuit abnormalities (Bureau et al 2008, Gibson
et al 2008), which may be a common theme among many forms of autism (Dinstein et al
2012)

Somatosensory barrel cortex
Functional organization of sensory cortices
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For most sensory modalities, the process of encoding environmental information
begins with sensory neurons firing in response to their own specialized sensory input. Each
sensory modality will then relay this information over 1 or 2 synapses to its respective area of
the thalamus. After some processing, the thalamic neurons then project to their specialized
area of neocortex, primarily targeting layer 4 (L4). Though there is some deviation from this
canonical pathway (for instance the somatosensory system first projects to the brainstem
before relaying to the thalamus), this represents the essential flow of sensory information to
the neocortex.

Information flow within most sensory cortices then continues with L4

projecting to L2/3, which itself projects to the deeper layers (L5 and L6) which are the main
output layers of the neocortex. Similarly, this intracortical circuitry represents a general
framework utilized by most primary cortices, but additional and alternative circuits also exist.
It is also important to note that this circuitry pertains to the flow of excitatory, glutamatergic
transmission, but inhibitory interneurons also contribute in a fundamental way to the circuitry
of neocortex, and neuromodulatory innervations exist as well. Furthermore, the population
of excitatory neurons that constitutes each layer differs across layers in regards to
morphology, function, and molecular identity. Even excitatory neurons within a layer can
display great diversity, as with the pyramidal and spiny stellate excitatory neurons of L4.
More subtle differences likely exist even among pyramidal cells of the same layer, especially
with regards to function (Lubke & Feldmeyer 2007).
While some degree of processing of environmental features clearly takes place within
the thalamus (Brecht & Sakmann 2002), this processing is relatively limited and
predominantly intrathalamic, aside from some neocortical feedback, and thus the flow of
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information through the thalamus is largely linear. Conversely, neocortical processing is
much more extensive due the laminar and columnar organization that serves to create a large
number of processing compartments. As a result, neocortical processing can extract much
more nuanced and detailed sensory information than its subcortical counterparts.
Additionally, neocortical processing is heavily influenced by both intercortical input from
other neocortical areas (Aronoff et al 2010) as well as neuromodulatory input from
subcortical areas (Lee & Dan 2012, Petersen & Crochet 2013). This integrative feature of
the non-linear processing in neocortex is thought to underlie the animal’s ability to process
specific sensory features in the context of other externally and internally generated
information (Feldmeyer et al 2013, Petersen 2007). For instance, network synaptic activity
of somatosensory cortex is highly dependent on arousal state, which is mediated by
subcortical noradrenergic input impinging directly on neocortical neurons (Constantinople &
Bruno 2011).
While it may not be appropriate to think of the principle excitatory cells of neocortex
as a completely homogenous population, even within a given layer, most of the molecular
mechanisms that regulate synaptic function are thought to be largely conserved at
glutamatergic synapses. Therefore, considering the relatively standard subcortical processing
that takes place, and to some degree the canonical circuitry of neocortex, how do such unique
and specialized receptive fields emerge in different sensory cortices? Furthermore, how can
synapses that are largely identical in molecular composition engage in different types of
plasticity? This is likely the product of both unique firing patterns coding different aspects of
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environmental information and the more or less predetermined (i.e. genetically specified)
aspects of the circuitry that endow it with the capacity to rewire itself.

Barrel cortex function
The whiskers on the snouts of mice and rats provide crucial information for the
animal’s interaction with the environment. Rodents use whisker information for spatial
navigation, object location, and texture discrimination. This modality have evolved to be
highly sophisticated and informative for rodents, who spend much of their lives in
environments with very little light and consequently often cannot rely on visual information.
The whiskers are arranged on the snout in columns and arcs, which correspond in a one-toone fashion with the ‘barrels’ in L4 of somatosensory cortex (one whisker corresponds to one
barrel) and match the topographical arrangement of the whisker pad (Feldmeyer et al 2013,
Petersen 2007). The cytoarchitecture of the barrels is such that most of the cell bodies of a
barrel are arranged to form a barrel wall, which forms an anatomical structures that can be
visualized in brain slices. These cell bodies project their dendrites inward to the barrel
hollow to contact thalamocortical afferents, and together the barrel wall and hollow represent
the receptive field in L4 of one whisker.

The entire neocortical receptive field of an

individual whisker is defined by the vertical column that spans layers 1-6. The width of this
column is approximately 300-500 µm and corresponds to the width of the barrel in L4. The
primary organization of the translaminar circuitry is confined to one column. The 6-layer
column that exists between barrel walls constitutes the septum, and septal cells generally
have broader receptive fields (Bureau et al 2004).
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As with most sensory cortices, thalamic input to barrel cortex impinges mostly upon
L4. Termed the granular layer, L4 serves to relay thalamic sensory information to the
supragranular (L2/3) and infragranular (L5 and L6) layers. The primary projection of L4 is
to L2/3, but it also projects more weakly to L5 and L6. The primary functions of the
supragranular layers are thought to be to integrate information from other cortical and
subcortical brain structures as well as to code specific aspects of whisker-related information.
These notions are supported by the high degree of extracolumnar and extracortical input
received by L2/3 cells compared to other layers as well as the sparse coding of sensory
stimuli and relatively low action-potential firing observed in these cells (Petersen & Crochet
2013). Although the supragranular cells send many projections to other cortical areas, their
predominant projection is to the infragranular layers, which are the main output cells of the
neocortex targeting their projections to striatum, brainstem, and providing feedback
information to the thalamus.

Layer 2/3 circuits
Though each layer processes sensory information in its own specialized way,
particular attention has been given to processing occurring in L2/3. This is in part due to the
prevalent input from L4, which constitutes the most robust pathway in the cortical column.
This synapse displays considerable adherence to columnar boundaries, offering a powerful
experimental advantage with regards to sensory stimuli (i.e. whisker deflection).
Additionally, this synapse remains plastic into adulthood, unlike the thalamocortical synapses
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in L4 (Feldman 2000), and the rules of this plasticity are dependent upon normal sensory
experience (Celikel et al 2004).
Furthermore, as alluded to above, coding of many of the specific aspects of whisker
information (e.g. angular detection, deflection intensity, and object location) likely occurs
primarily in L2/3 (Petersen & Crochet 2013). Interestingly, sparse-network coding in L2/3
may extend beyond processing sensory information, as sparse coding also takes place in L2/3
during an associative learning paradigm involving whisker cues (Gdalyahu et al 2012). The
capacity for L2/3 neurons to encode multiple aspects of the whisker information is partly a
function of their relatively low average spontaneous and stimulus-evoked firing rates (Zhu &
Connors 1999). This allows sparse sub-networks of L2/3 cells to robustly respond to specific
attributes of whisker-related information while remaining relatively inactive in the absence of
that specific stimulus (Gdalyahu et al 2012).
A number of factors likely dictate the low firing rate of L2/3 cells, such as relatively
hyperpolarized membrane potential (Lefort et al 2009) and potential differences in intrinsic
membrane properties. However, likely the most critical source of firing suppression is the
circuitry of L2/3 itself. Inhibitory interneurons in L2/3 receive input from both nearby L2/3
cells and L4, and upon activation provide feedforward inhibition onto L2/3 pyramidal cells.
The high degree of connectivity that exists between pyramidal cells and interneurons in L2/3
(Avermann et al 2012) suggests that this feedforward inhibition is a prominent component of
L2/3 circuitry, and is likely largely responsible for suppressing firing rates in pyramidal cells.
Interestingly, the inhibitory synapses on pyramidal cells are subject to heterosynaptic LTD in
visual cortex (Jiang et al 2010), although this has not been confirmed in barrel cortex. This
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regulation of inhibitory drive onto excitatory neurons (IE) provides a potential mechanism
by which specialized receptive fields develop in subnetworks of L2/3 neurons, where inputspecific disinhibition allows for a sparse number of pyramidal cells to strengthen their
connections and thus enhance their responses to specialized stimuli.

Cortical mGluR5 function
The mGluRs comprise a unique class of glutamate receptors that do not carry ionic
conductances but rather signal metabotropically.

mGluRs are seven transmembrane G-

protein coupled recptors (GPCRs) that consist of 8 types (mGluR1-mGluR8) divided into 3
groups. The different groups vary in function, associated signaling pathways, distribution
within the central nervous system (CNS), and subcellular localization (Niswender & Conn
2010).

In cortical regions including hippocampus and neocortex, group 1 mGluRs,

consisting of mGluR1 and mGluR5, are the most predominately expressed (Ferraguti &
Shigemoto 2006) and functionally relevant (Anwyl 2009, Gladding et al 2009, Luscher &
Huber 2010).
Group 1 mGluRs are located both postsynaptically and extrasynaptically in cortical
neurons, with mGluR5 primarily being located on the periphery of the post synaptic density
(PSD) (Lopez-Bendito et al 2002, Lujan et al 1996). Here, they function to modulate cell
excitability by regulating ionic membrane conductances including sodium (Carlier et al
2006), calcium, and potassium channels (Anwyl 1999), as well as directly regulating synaptic
function (Luscher & Huber 2010).

In visual and somatosensory cortex, mGluR5 is the

predominant group 1 receptor in terms of both expression (Lopez-Bendito et al 2002) and
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function (Bender et al 2006b, Jiang et al 2010), whereas in hippocampus both mGluR1 and
mGluR5 have a strong functional presence (Volk et al 2006).

Group 1 mGluR signaling
Group 1 mGluRs consist of mGluR1 and mGluR5, and are canonically coupled to
Gq/G11 signaling and activation of phospholipase C (PLC). Upon mGluR-induced activation
of PLC phosphatidylinositol 4,5-bisphosphate (PIP2) is hydrolyzed to form inositol
triphosphate (IP3) and diacylglycerol (DAG), which in turn releases Ca++ from internal stores
and activates protein kinase C (PKC) respectively.

In addition, DAG can be further

hydrolyzed by DAG lipase to synthesize the endocannabinoid (eCB) 2-arachidonoylglycerol
(2-AG), a critical signaling molecule in mGluR5-mediated plasticity in cortex (Castillo et al
2012). mGluR1/5 stimulation in the hippocampus activates the extracellular signal-regulated
kinase 1/2 (ERK1/2) and phosphoinositide 3-kinase (PI3K)-Akt-mammalian target of
rapamycin (mTOR) translational regulatory pathways, and both of these pathways are
required for hippocampal mGluR-dependent LTD (Gallagher et al 2004, Hou et al 2006). It
is important to note, however, that many of these biochemical signaling pathways have been
studied in hippocampus, but the extent to which they exist in neocortical cells has not yet
been established.
mGluR5 is coupled to many of its signaling pathways through interactions with the
long, constitutively active forms of a family of scaffolding proteins called Homers (ShiraishiYamaguchi & Furuichi 2007). The activity-inducible short form of Homer, Homer1a, can
dissociate mGluR5 interactions with long forms of Homer and thereby disrupt normal
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mGluR5 signaling (Ronesi et al 2012). Furthermore, Homer1a-mGluR5 interactions are
associated with constitutive, agonist-independent activity of mGluR5 (Ango et al 2001).
Interestingly, regulation of mGluR5 by Homer1a may represent an activity-dependent
mechanism that can alter mGluR5-mediated regulation of synapses (Hu et al 2010).

Involvement in neurological disease
mGluR5 has been implicated in the pathology and treatment of a number of
neurological diseases.

Interestingly, the etiology of many of these diseases, and the

involvement of mGluR5 therein, manifests as alterations in synaptic function and aberrant
neural circuitry. For instance, withdrawal from cocaine self-administration leads to synaptic
changes in MSN neurons of the NAc, which is mediated in part my mGluR5 (Scheyer et al
2014). Additionally, activation of mGluR5 in NAc is required for alcohol binge-drinking
behavior (Cozzoli et al 2009) and negative allosteric modulators (NAMs) of mGluR5 are
effective in ameliorating addictive behaviors in mice (Pomierny-Chamiolo et al 2014). Some
genetic forms of temporal-lobe epilepsy, a disorder defined by circuit dysfunction, are
associated with alterations in mTOR function (Goldberg & Coulter 2013), which is a
downstream effector of mGluR5 signaling (Hou & Klann 2004). Consistent with this,
MPEP, an mGluR5 antagonist, reduces spike-and-wave discharges (SWDs), an
electrophysiological hallmark of epilepsy (Ngomba et al 2011). An emerging hypothesis in
understanding the pathophysiology underlying many aspects of schizophrenia is the
hypoglutamatergic theory, in which NMDAR function is thought to be abnormally low in
critical schizophrenia-related circuits. Consistent with observations that mGluR5 activation
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potentiates NMDAR function, positive allosteric modulators (PAMs) of mGluR5 have
proven to be effective in treating both pathophysiological and behavioral abnormalities in
mouse models of schizophrenia (Lecourtier et al 2007, Nickols & Conn 2014). mGluR5
dysfunction is also strongly implicated in FXS, a genetic cause of several forms of
intellectual disability, where it contributes to a number of synaptic and circuit level
phenotypes (Bear et al 2004, Hays et al 2011). Interestingly, mGluR5 dysfunction may be a
common deficiency in several forms of autism, and is thus a highly appealing drug target for
treatment (D'Antoni et al 2014).
In targeting mGluR5 for pharmacological therapeutic intervention, it is important to
consider the diverse functions of mGluR5, and the precise nature of its dysfunction in each
disease. As mentioned above, drugs designed to both inhibit and enhance mGluR5 function
are being investigated in different diseases. Therefore, understanding the mechanism of
action of a given drug on mGluR5 function, trafficking, and signaling must be examined in
the context of the disease being investigated.

This of course requires a detailed

understanding of how mGluR5 behaves under normal conditions – an understanding which is
far from complete. For instance, in FXS, mGluR5 is abnormally coupled to its canonical
signaling pathways, rendering it defective in both its activation by glutamate and its ability to
signal properly (Ronesi et al 2012). As a consequence, simply inhibiting mGluR5 activation
through pharmacological intervention may not be as effective as a treatment that also restores
the mechanisms which couple mGluR5 to its typical signaling pathways.

Role in learning and memory
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Understanding the role mGluR5 plays in the pathology of different neurological
diseases provides some insight as to its function. Reciprocally, elucidating the direct role of
mGluR5 in normal physiology will guide how we view its role in disease states.
Additionally, examining the physiological function of mGluR5 will be useful in uncovering
the biological underpinnings of learning and memory, which mGluR5 is heavily implicated
in. For instance, mGluR5-LTD in CA1 is thought to be induced by novelty and consequently
play a role in the recognition of familiar objects (Jakkamsetti et al 2013). Fear extinction
requires insertion of calcium-permeable (CP) AMPARs in neurons of infralimbic cortex.
Interestingly, administration of MPEP inhibits both behavioral performance in a fear
extinction task and extinction-induced insertion of CP-AMPARs (Sepulveda-Orengo et al
2013). In paradigms probing adaptive learning, mGluR5 KO mice display learning deficits
while PAMs targeting mGluR5 enhance such behaviors (Xu et al 2009, Xu et al 2013).
Similarly, both working memory and reference memory are disrupted when MPEP is
administered immediately prior to training (Manahan-Vaughan & Braunewell 2005). Taken
together, these data demonstrate that normal mGluR5 function is required for several forms
of learning.

Regulation of cell excitability
The ability of a neuron to fire an action potential is dependent on the membrane
excitability of that cell. Membrane excitability is a highly regulated feature, and enhancing
or suppressing excitability can have a profound impact on both the output of the cell, via
alterations in spike rate, and the inputs to the cell, via the dependence of plasticity rules on
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temporal spiking dynamics and membrane potential. Interestingly, there is ample evidence
that mGluR5 regulates membrane excitability. For instance, the enhanced mGluR5 signaling
in FXS is responsible for increased neocortical UP state duration, a measure of circuit
excitability (Hays et al 2011). Additionally, acute application of MPEP disrupts theta and
gamma rhythms in dentate gyrus (Bikbaev et al 2008).

At a cellular level, mGluR5

activation transiently attenuates AHP and increases input resistance in CA1 pyramidal cells,
resulting in a net increase in excitability as observed by enhanced action potential firing
(Ireland & Abraham 2002). Similarly, in L5 of sensorimotor cortex, activation of mGluR5
leads to potentiation of intrinsic excitability by downregulating calcium-activated postassium
(SK) channels and thereby diminishing AHP, although this appears to be a longer lasting
effect (Sourdet et al 2003b). In L5 of PFC, group 1 mGluR activation has differential effects
on 2 different classes of projection neurons, presumably through regulation of Ih (Kalmbach
et al 2013).

Interestingly, comparative analysis of mGluR-mediated effects on these 2

different cell populations demonstrated that mGluR activation could elicit similar,
preferential (affecting one cell type but not the other), or bi-directional effects depending on
the physiological property assayed.

This suggests that mGluR5 can influence intrinsic

membrane properties through a number of mechanisms, and the consequence of mGluR5
activation is highly dependent on the molecular composition of a given cell. Consistent with
this notion, mGluR5 activation has a bidirectional effect on burst firing in 2 distinct classes
of pyramidal neurons in CA1 (Graves et al 2012).

Homosynaptic plasticity
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Synaptic plasticity refers to the ability of neurons to change the strength of their
connections in response to correlated activity.

This can be manifested as either a

strengthening (long-term potentiation, or LTP) or weakening (long-term depression, or LTD)
of synaptic function. Plasticity is one aspect of circuit rewiring and is thought to be critical
for learning and memory. The direction and magnitude of plasticity is influenced by a
number of factors, including the pattern of input activity and subsequent postsynaptic
calcium wave, molecular composition of the synapse, and previous synaptic experience.
Additionally, some synapses can undergo similar forms of plasticity through different
expression mechanisms. For instance, LTD in hippocampal CA1 neurons can be mediated
by mGluR or NMDAR. Furthermore, plasticity can occur at the synapse being activated
(homosynaptic plasticity) or at an inactive synapse neighboring the synapse being activated
(heterosynaptic activity). Interestingly, mGluR5 regulates several forms of plasticity in
many different brain regions, making it a key protein of interest for understanding how
synaptic function is regulated (Luscher & Huber 2010).
In hippocampus, a form of homosynaptic LTD can be induced in CA1 neurons by
either application of the group 1 agonist, DHPG, or by (paired-pulse low frequency
stimulation) PP-LFS of the Schaffer collateral. This plasticity requires activation of both
mGluR1 and mGluR5, but is NMDA-independent (Volk et al 2006). Although NMDAR
activation can also induce LTD at this synapse, the induction and expression mechanisms
appear to be distinct from those associated with mGluR-LTD (Huber et al 2001). Whereas
LFS (1 Hz for 15 min) is sufficient to induce NMDA-LTD, mGluR-LTD requires paired
pulses (50 ms paired-pulse interval) delivered at similar frequencies. This may reflect the
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positioning of mGluR5 at the periphery of the PSD (Lopez-Bendito et al 2002, Lujan et al
1996), as increased glutamate release would be expected with paired pulses. This provides
an explanation for how 2 glutamate receptors can differentially engage 2 separate forms of
plasticity, but the physiological distinction of these 2 stimulation protocols (LFS vs PP-LFS)
remains unclear.
mGluR5-LTD is dependent on local translation of existing dendritic mRNAs, such as
Arc (Park et al 2008, Wilkerson et al 2014), and endocytosis of post synaptic AMPARs
(Waung et al 2008). While induction of Arc-mRNA in dendrites occurs in response to brief
novelty, presumably through an mGluR5-independent mechanism, functional synaptic
changes only occur in response to repeated exposure (Jakkamsetti et al 2013).

These

functional changes are likely mediated by mGluR5 activation, as repeated novelty exposure
occludes mGluR5-LTD. This data provides a biological substrate for a learning paradigm in
which repeated, but not brief exposure to novelty, leads to learning on the behavioral level
and concurrently mGluR5-mediated synaptic changes on the cellular level.
In neocortex, mGluR5 mediates another form of homosynaptic plasticity, spiketiming dependent plasticity (STDP). STDP can be expressed as a strengthening (timingdependent LTP, or tLTP) or weakening (timing-dependent LTD, or tLTD) of synaptic
strength) In this form of plasticity, the precise timing of the presynaptic spike and the
postsynaptic spike determine the magnitude and direction of plasticity.

When the

presynaptic spike leads the postsynaptic spike by less than 20 ms, as would occur in the
sequence of events of a feedforward signal, LTP occurs. However, if the order of spiking is
reversed (i.e. post before pre), LTD takes place. In this way, STDP is Hebbian because when
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the presynaptic spike contributes to the firing of the postsynaptic cell the connection is
strengthened, but when the spikes are uncorrelated the connection is weakened (Feldman
2012). At the L4L2/3 synapse in barrel cortex, tLTD and tLTP require distinct detection
and expression mechanisms. Whereas tLTP requires activation of postsynaptic NDMARs,
tLTD requires activation of postsynaptic mGluR5. Activation of mGluR5 in turn generates
eCBs that diffuse retrogradely to activate presynaptic CB1Rs and thereby decrease
presynaptic function (Feldman 2012).
Evidence for mGluR5-mediated homosynaptic LTP is less convincing. Although this
type of plasticity has been observed in at least one pathway (Wang & Daw 2003) and under
nonphysiological circumstances in more well characterized pathways (Clem et al 2008), a
common role for a direct potentiating effect of mGluR5 on synaptic function remains
controversial. For instance, standard LTP induction protocols fail to induce an mGluR5dependent LTP in hippocampus, whereas stronger stimulations do require mGluR5dependent mechanisms, but may not represent physiological patterns of activity (Anwyl
2009). Furthermore, in studies where mGluR5-dependent LTP has been observed, synaptic
function has been assayed by measuring field potentials and population spike (Neyman &
Manahan-Vaughan 2008, Tsanov & Manahan-Vaughan 2009), which cannot distinguish
between homosynaptic and heterosynpatic changes.

Heterosynaptic plasticity
As mentioned above, mGluR5 activation induces the synthesis and release of eCB to
retrogradely activate CB1R. In the case of STDP in barrel cortex, the coincident activation of
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presynaptic NMDARs is also required in order to trigger a reduction in presynaptic function,
conferring synapse specificity to this form of LTD (Rodriguez-Moreno & Paulsen 2008).
However, other forms of mGluR5 and eCB-dependent LTD can impact synapses in a nonspecific, heterosynaptic manner. In hippocampus, HFS stimulates mGluR5-induced eCB
release which targets CB1Rs on the presynaptic terminals of GABAergic neurons that are in
the immediate vicinity of the synapse being activated. This leads to a sustained reduction of
presynaptic release of GABAergic transmission, termed LTD of inhibition (iLTD). iLTD in
turn facilitates glutamatergic transmission as excitatory inputs are disinhibited, potentiating
EPSP-to-spike coupling (Chevaleyre & Castillo 2003). This is considered to be a form of
metaplasticity, as sustained disinhibition results in a persistent reduction in the threshold for
LTP. In visual cortex, stimulating the L4L2/3 pathway with TBS causes mGluR5 and
eCB-mediated heterosynaptic LTD of both excitatory (hetero-eLTD) (Huang et al 2008) and
inhibitory transmission (hetero-iLTD) (Jiang et al 2010). This may suggest a dual role for
mGluR5 in which its activation enhances strongly activated inputs to a cell via hetero-iLTD
mediated disinhibition and weakens common input onto surrounding cells via hetero-eLTD.
In this model, mGluR5 would function to sharpen receptive fields by enhancing the signal-tonoise ratio of an individual cell’s response through these 2 mechanisms.

Metaplasticity
Any form of synaptic regulation that leads to a sustained change in the rules
governing plasticity is referred to as metaplasticity. As mentioned above, mGluR5-mediated
iLTD results in a metaplastic alteration to the induction of LTP in hippocampus. Similarly,

22
the observed mGluR5-mediated heterosynaptic iLTD in visual cortex is also likely to have
metaplastic influences on L4L2/3 excitatory synapses, although the nature of this
metaplasticity has yet to be described. Additionally, mGluR5 may contribute to other forms
of metaplasticity. For instance, strong synaptic activity drives the developmental NMDAR
subunit switch in hippocampus in an mGluR5-dependent manner (Matta et al 2011). This
switch has been shown to alter the gating of LTP as the different NMDAR subunits confer
distinct properties regarding channel conductance and coupling to intracellular signaling
pathways (Kohr et al 2003, Monyer et al 1994). This was also observed in visual cortex,
where both synaptic activity and visual experience drove the subunit switch in an mGluR5dependent manner. Additionally, although not considered to be a conventional form of
metaplasticity, the previously mentioned mGluR5 regulation of intrinsic membrane currents
likely has a significant impact on rules governing plasticity. This has particular relevance in
STDP, where changes in firing properties would disrupt the normal timing dynamics that are
critical to the direction and magnitude of plasticity (LTD vs LTP).

Synapse elimination
Changes in synaptic strength are a major component of experience induced alterations
to circuit wiring, but a second type of circuit rewiring can also be achieved by the removal or
addition of entire inputs.

In neural circuitry, synapse elimination and formation can

contribute to both of these circuit changes – eliminating a fraction of the inputs from one cell
(or adding an input from an already connected cell) would be analogous to a weight change,
whereas elimination/formation that changes the status of a cell from connected to not
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connected, or vice versa, would represent the second type of circuit rewiring. Synapse
formation and elimination are very active forces in the development of neocortical circuits of
young animals, but also likely play a role in circuit refinement that takes place during
learning in adult animals (Holtmaat et al 2005, Zuo et al 2005a, Zuo et al 2005b).
Furthermore, synaptic pruning seems to target synapses from common inputs, as the number
of connected cells decreases during development (Patel et al 2014). mGluR5 likely plays a
role in both forms of circuit rewiring, as previous evidence has implicated it in synapse
elimination. In CA1 pyramidal cells, artificial activation of the transcription factor MEF2
induces synapses elimination in an mGluR5-dependent manner (Wilkerson et al 2014).
Interestingly, this form of elimination was observed as an alteration in mEPSC frequency but
not amplitude, suggesting that synapses were entirely eliminated rather than weakened in a
linear way. This implies that mGluR5 induces synapses elimination by either triggering a
molecular switch to functionally mute them or weakening them to the point of elimination on
a very rapid timescale. In support of the latter, mGluR5 activation in hippocampus induces a
rapid (within 30 min.) reduction in spine size (Oh et al 2013), and repeated mGluR5-LTD is
associated with a reduction in spine number (Shinoda et al 2005).

Whether mGluR5-

mediated synapse elimination can also occur by mechanisms other than repeated LTD is
unclear.

Developmental role in formation of circuits in barrel cortex
In somatosensory cortex, mGluR5 is critically implicated in several aspects of circuit
development. As mentioned above, mGluR5 activation is required for tLTD at the L4L2/3

synapse.
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Perhaps unsurprisingly, it may also be required for tLTD at the L2/3L2/3

synapse, demonstrating a common role in regulating synaptic function in barrel cortex
(Zilberter et al 2009). Both brain-wide and cortex-specific deletion of mGluR5 results in
disrupted barrel patterning in somatosensory cortex (Ballester-Rosado et al 2010, Wijetunge
et al 2008).

Additionally, functional receptive fields may also be impaired, further

suggesting abnormal circuitry in these mice (She et al 2009).

However, the synaptic

mechanisms underlying these potential circuit changes are unclear.

One study reports

reduced spine density and expression of synaptic proteins in L4 of mGluR5 KO mice with no
changes in dendritic morphology (Wijetunge et al 2008), suggesting a role for mGluR5 in
promoting synaptic function. In contrast, another group has demonstrated that mGluR5
deletion enhances dendritic complexity and increases mEPSC frequency in L4 neurons,
implicating mGluR5 as a negative regulator of synaptic function (Ballester-Rosado et al
2010). Paradoxically, when mGluR5 deletion was restricted to excitatory cortical cells, no
change in mEPSC frequency was observed, although dendritic complexity was still
enhanced. Lastly, when spine density was examined in older mice (45 days vs ~22 days),
brain-wide deletion of mGluR5 resulted in an increased spine density (Chen et al 2012).
Taken together, these data demonstrate a clear role for mGluR5 in the development of neural
circuits in somatosensory cortex. However, the potential for indirect network effects that
arises from global or large-scale deletion strategies, along with the inconsistencies between
studies and deletion strategies used (i.e. global vs cortex-specific), confound any
interpretation at how mGluR5 might be regulating synaptic function.
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MEF2
Another likely key regulator of activity-dependent, postnatal neocortical circuit
refinement is the Myocyte Enhancer Factor-2 (MEF2) family of activity-dependent
transcription factors. The MEF2 family is comprised of four genes– Mef2a, b, c, and d – all
of which are expressed in the brain with MEF2C being the predominantly expressed gene in
neocortex, constituting ~75% of total MEF2 expression in that region (Lyons et al 1995,
Lyons et al 2012b, Potthoff & Olson 2007). Conserved among all MEF2 members are a
transcriptional activation domain and a MEF2/MADS domain, which facilitates dimerization
and DNA binding (Wu et al 2011). Neuronal depolarization and calcium influx through Ltype calcium channels and NMDA receptors stimulates calcineurin and dephosphorylation
which activates MEF2 (Flavell et al 2006, Mao et al 1999). Activated MEF2 then binds to
genes with MEF2 response elements (MREs) in their promoter region and regulates
transcription of target genes, generally by promoting transcription (Flavell et al 2008).

Role in normal and pathological brain function
As a transcription factor, MEF2 influences expression of a large number of genes
and, accordingly, mediates a wide range of cellular functions including neuron survival and
migration (Akhtar et al 2012, Li et al 2008, Mao et al 1999, McKinsey et al 2002). However,
among the vast number of cellular processes associated with MEF2, particular attention has
been given to its role in learning and memory. This is in part due to its observed regulation
of a number of genes involved in synaptic function (Flavell et al 2008). Accordingly, there is
a strong interplay between MEF2 activity and learning and memory. For instance, learning
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paradigms known to robustly induce memory formation cause a phosphorylation of MEF2
(Cole et al 2012), which results in suppression of MEF2-meditaed transcription (Flavell et al
2006). Conversely, driving MEF2 transcriptional activity by overexpressing a constitutively
active form of MEF2 blocks certain types of memory formation. Furthermore, brain-specific
deletion of the Mef2c gene results in a disruption of hippocampal-dependent learning in mice
(Barbosa et al 2008).
Consistent with a role in learning and memory, MEF2 has been implicated in
cognitive disorders and epilepsy in both humans and animal models. Genome-wide analysis
studies in humans have revealed that mutations in the Mef2c gene are linked to a host of
neurological disorders including autism-spectrum disorders (Novara et al 2010), mental
retardation and epilepsy (Le Meur et al 2010, Zweier et al 2010) along with several variable
minor abnormalities.

Additionally, animal studies manipulating MEF2 activity have

implicated its involvement in neurological disorders. For instance, MEF2-induced synapse
elimination is deficient in hippocampal neurons in the mouse model of FXS (Pfeiffer et al
2010). Here FMRP, an RNA-binding protein that regulates translation of mRNAs, is thought
function downstream of MEF2 to regulate its target transcripts, such as Arc. Thus
understanding how MEF2 regulates synaptic function and connectivity will help to identify
its target genes with critical involvement in synapse regulation and thereby assist in the
development of treatments for this and other diseases.

Regulation of synapses
MEF2 is most commonly observed to have a role in suppressing excitatory synapse

27
number, likely by promoting elimination of established synapses (Barbosa et al 2008, Flavell
et al 2006, Pfeiffer et al 2010, Pulipparacharuvil et al 2008) A role for MEF2 in suppression
of synapse number in vivo has been demonstrated using shRNA-mediated knockdown of
MEF2A and MEF2D in the nucleus accumbens (Pulipparacharuvil et al 2008) and
overexpression of a constitutively active MEF2 in anterior cingulate cortex (Vetere et al
2011).

However, a role for MEF2 in promoting synaptic function has also been

demonstrated. In hippocampus, MEF2C deletion results in a reduced fEPSP response to
extracellular stimulation (Li et al 2008). Additionally, LV cells of neocortex display an
increased mEPSC frequency in the MEF2C KO mice. Taken together, these data suggest
that MEF2 may regulate synaptic function through a number of mechanisms that have
varying outcomes. Therefore, a detailed analysis of member subtype and cell-type specific
roles of MEF2 is needed.
Constitutive embryonic and brain-wide deletion of Mef2c increases the number of
functional synapses and spines in hippocampal granule cells, suggesting an in vivo role for
MEF2C in promoting synapse elimination or suppressing synapse formation (Barbosa et al
2008). While cell-autonomous knockdown of MEF2A and MEF2D increases functional and
structural synapse number in cultured hippocampal and in nucleus accumbens neurons in
vivo (Flavell et al 2006, Pulipparacharuvil et al 2008), embryonic and brain-wide deletion of
Mef2a and Mef2d has no detectable effect on dendritic spine number or population EPSPs of
hippocampal CA1 neurons (Akhtar et al 2012). One possible explanation for these disparate
results is that Mef2 deletion in a sparse number of neurons reveals the cell-autonomous role
of MEF2 in synaptic pruning, whereas constitutive, brain-wide deletion of Mef2 causes
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circuit adaptation to maintain normal
synapse number via MEF2-independent mechanisms.
Although a clear role has been demonstrated for MEF2 in regulating synapses, the
molecular mechanisms underlying this regulation are largely unknown. Recently, 2 potential
cellular mechanisms by which MEF2 mediates the elimination of excitatory synapses in
hippocampus have been identified.

First, MEF2 activation drives transcription of

protocadherin-10 (PCDH10) - also an autism candidate gene - which mediates dendritic spine
elimination by facilitating proteasomal degradation of ubiquitinated PSD-95 (Tsai et al
2012). Second, MEF2-induced synapse elimination in hippocampus requires both Arc and
mGluR5 activation (Wilkerson et al 2014). Taken together, these data identify 2 distinct
mechanisms by which MEF2 regulates synaptic function in hippocampal neurons. However,
virtually nothing is known about how MEF2 regulates synaptic function in neocortex.

Motivation for studies and summary of research
mGluR5 and MEF2 have been implicated in a number of neurological diseases.
Furthermore, pathological conditions can emerge from either defective forms of these
proteins or through a disruption in their normal functions caused by mutations in any one of
hundreds of proteins they interact with either directly or indirectly. Therefore, due to the
permeating influence that both of these proteins exude on a vast array of cellular functions, it
is likely that their dysfunction plays a common role in a number of clinically relevant
diseases. Consequently, pursuing both the synaptic mechanisms and underlying molecular
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mechanisms regulated by these two proteins could offer several therapeutic targets for a
number of diseases.
mGluR5 and MEF2 may regulate synapses through common mechanisms.

In

hippocampus, mGluR5 signals to regulate the phosphorylation state of FMRP, which in turn
influences LTD (Narayanan et al 2007, Niere et al 2012). Interestingly, MEF2-induced
synapse elimination requires FMRP, and conversely FMRP function is dependent on MEF2
transcriptional activity (Pfeiffer et al 2010, Zang et al 2013). Further demonstrating a link
between mGluR5 and MEF2, mGluR5 activation is required for MEF2-dependent
elimination of structural and functional synapses (Wilkerson et al 2014), with Arc-induced
AMPAR endocytosis implicated as the common mechanism. Furthermore, my data
demonstrates striking parallels between the consequences of mGluR5 and MEF2C deletion
on neocortical circuitry in barrel cortex.
Although elucidating mechanisms by which these 2 proteins regulate synaptic
function and circuit formation will provide insight into their involvement in, and potential
treatment of, several neurological diseases, understanding how they function will also further
a broader pursuit in understanding how information is processed in the brain. Understanding
any biological function is an iterative process, and although molecular mechanisms are
usually detailed after the discovery of a physiologically phenomenon, often exploring these
mechanisms results in a refinement of our understanding of biology. Accordingly, there is
great potential for gleaning knowledge about information processing on a more macro level
from the examination of specific proteins. For instance, mGluR5 has long been considered to
be one of the coincidence detectors in different forms of synaptic plasticity due to both its
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unique activation profile as well as the dependence of its signaling on postsynaptic calcium
transients.

Furthermore, its ability to mediate both homosynaptic and heterosynaptic

plasticity of both excitatory and inhibitory inputs situates mGluR5 in a position to have a
profound effect on circuitry in a number of nuanced ways. Therefore, examining how
patterns of neurotransmission that occur in vivo engage mGluR5 in shaping circuitry will also
further our understanding of the rules by which circuits are formed and refined.
Dissecting the direct role of any protein in regulating synaptic function poses a
number of challenges. One of these challenges is discerning not only the acute role in
synaptic function, but also the long-term impact on circuit development. In a simple model,
the long-term role would be an accumulation of all of the acute functions, although this does
not take into consideration the cascade of events triggered by an acute role that are
independent of the protein of interest. Nevertheless, an understanding of the long-term
impact guides hypothesese about the acute roles. In the case of mGluR5, a long-term role in
circuit development has been examined by deleting Grm5, the gene coding for mGluR5, in
either the entire brain or a large population of neurons. While these studies do indeed
implicate mGluR5 as a critical protein involved in circuit development (Ballester-Rosado et
al 2010, She et al 2009, Wijetunge et al 2008), it is difficult to interpret any direct roles
mGluR5 has on synaptic function due to the high potential for mGluR5-independent network
compensation that influences measures of synaptic function. Strong evidence for indirect
network effects has been demonstrated by the observations that 1) brain-wide deletion of
mGluR5 resulted in increased mEPSC frequency in excitatory cells of L4 barrel cortex,
whereas deletion restricted to cortical excitatory cells displayed no such change, and 2)
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mGluR5 deletion in cortical excitatory cells resulted in a decreased mIPSC frequency in
excitatory cells of L4 of barrel cortex (Ballester-Rosado et al 2010). Taken together, these
data highlight another obstacle in studying the direct, long-term roles in synapse function,
which is the challenge of examining function within a cell autonomous context.

To

overcome these 2 challenges, I have employed a paradigm in which permanent deletion of
either mGluR5 or MEF2C early in development can be restricted to only a small population
of neurons, thereby allowing a KO cell to develop in vivo in otherwise WT tissue and
circumventing any compensatory network effects.

Although this technique can largely

mitigate network compensation, it is important to note that the chronic deletion strategy I
employ may result in compensatory mechanisms on the cellular level that may influence my
observations. Moreover, another added benefit of this paradigm is that it offers a withinexperiment control, eliminating the between-experiment variability that is so prevalent in
acute slice electrophysiology.

CHAPTER TWO
Results

POSTSYNAPTIC MGLUR5 PROMOTES EVOKED AMPAR-MEDIATED
SYNAPTIC TRANSMISSION ONTO NEOCORTICAL LAYER 2/3 PYRAMIDAL
NEURONS DURING DEVLEOPMENT

Summary
Both short- and long-term roles for the group I metabotropic glutamate receptor
number 5 (mGluR5) have been examined for the regulation of cortical glutamatergic
synapses. But how mGluR5 sculpts neocortical networks during development still remains
unclear. Using a single-cell deletion strategy, I examined how mGluR5 regulates
glutamatergic

synaptic

pathways

in

neocortical

layer

2/3

during

development.

Electrophysiological measurements were made in acutely prepared slices to obtain a
functional understanding of the effects stemming from loss of mGluR5 in vivo. Loss of
postsynaptic mGluR5 results in an increase in the frequency of action potential-independent
synaptic events, but paradoxically, results in a decrease in evoked transmission in 2 separate
synaptic pathways providing input to the same pyramidal neurons. Synaptic transmission
through AMPARs, but not NMDARs, is specifically decreased. In the local L2/3 pathway,
the decrease in evoked transmission appears to be largely due to a decrease in cell-to-cell
connectivity and not in the strength of individual cell-to-cell connections. This decrease in
32

33
evoked transmission correlates with a decrease in the total dendritic length in a region of the
dendritic arbor that likely receives substantial input from these two pathways, thereby
suggesting a morphological correlate to functional alterations.

These changes are

accompanied by an increase in intrinsic membrane excitability. Our data indicate that total
mGluR5 function, incorporating both short- and long-term processes, promotes the
strengthening of AMPAR-mediated transmission in multiple neocortical pathways.

Introduction
Group I metabotropic receptors (Gp1 mGluRs) consist of the two subtypes, mGluR1
and mGluR5. Over the first 4 weeks of postnatal development, their expression and function
is strong (Dudek & Bear 1989, Jia et al 1995). The mGluR5 subtype is expressed in all
layers of the rodent somatosensory cortex and peaks in expression during the first 3 weeks of
life (Munoz et al 1999, Wijetunge et al 2008). During this time, extensive proliferation of
synapses is occurring, and networks are being built and refined (Micheva & Beaulieu 1997).
Therefore, Gp1 mGluRs are likely a crucial part of network formation during development.
Gp1 mGluR-dependent regulation of cortical circuitry has mainly been studied in the
short-term. At synapses, Gp1 mGluRs are most commonly observed to acutely induce longterm depression (Bender et al 2006b, Luscher & Huber 2010, Nevian & Sakmann 2006,
Zilberter et al 2009), but in some cortical pathways and circumstances, they induce long-term
potentiation (Anwyl 2009, Clem et al 2008). They also play a modulatory role in plasticity
by priming and enhancing NMDA receptor (NMDAR) mediated potentiation (Cohen &
Abraham 1996). Because Gp1 mGluRs, and specifically mGluR5, exists predominantly
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postsynaptically on the edge of the synaptic specialization (Lopez-Bendito et al 2002,
Wijetunge et al 2008), it is likely that their synapse regulation is postsynaptic in origin. In
addition to synapses, intrinsic membrane currents are also acutely regulated by mGluRs
(Carlier et al 2006, Ireland & Abraham 2002, Kalmbach et al 2013, Sourdet et al 2003a).
These roles for Gp1 mGluRs at synapses and membrane channels are based on in vitro
techniques where conditions are not identical to that in vivo. Therefore, while Gp1 mGluRs
are found to potentially play a role in many acute processes, the most prominent long-term
functional roles in vivo remain unclear.
By genetically removing mGluR5, the long-term role in vivo can be examined, but
use of this approach has been limited. Both global deletion and cortex specific deletion of
Grm5 (the mGluR5 gene) result in less defined cytoarchitectonic layer 4 barrels in the
somatosensory cortex (Ballester-Rosado et al 2010, She et al 2009, Wijetunge et al 2008).
Global deletion impairs NMDAR mediated synaptic transmission in CA1 hippocampal
neurons (Lu et al 1997) and impairs the developmental subunit switch from GluN2B to
GluN2A in cortical neurons (Matta et al 2011). The effects on AMPA receptor (AMPAR)
mediated transmission remain unclear (Ballester-Rosado et al 2010).

Finally, these

widespread deletion approaches may result in indirect, or secondary, effects that are not
directly related to cell-autonomous function of mGluR5 (Ballester-Rosado et al 2010, She et
al 2009, Wijetunge et al 2008).
To obtain a clearer picture of how mGluR5 regulates cortical network development, I
deleted mGluR5 in a minority of layer 2/3 pyramidal neurons in an otherwise normal
neocortex so that a direct, cell-autonomous role could be studied. I examined the resulting

effects on synaptic input and membrane properties.
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I examined 2 glutamatergic input

pathways - the layer 4 to layer 2/3 (L4→L2/3) pathway and the local interconnectivity
among layer 2/3 neurons – the L2/3→L2/3 pathway. In both of these pathways, acute
activation of Gp1 mGluRs is known to induce long-term depression (Bender et al 2006b,
Zilberter et al 2009), and for the L4→L2/3 pathway, this acute process may be linked to
pathway weakening in the long-term (Bender et al 2006a). Therefore, I hypothesized that the
long-term role for mGluR5 in vivo was to weaken synaptic pathways, and upon loss of
mGluR5, the pathways would be strengthened. Surprisingly, evoked transmission mediated
by AMPARs in both pathways was weakened with loss of mGluR5 suggesting that mGluR5
can function to enhance the strength of these pathways – perhaps by additional mGluR5dependent processes that are independent of acutely induced long-term depression.

Materials and Methods
Mice
Floxed Gmr5 mice (Grm5flx/flx) (Xu et al 2009) were maintained on a C57Bl6
background strain.

All experimental procedures using these mice in this study were

approved by the Institutional Animal Care and Use Committee at UT Southwestern.

Electrophysiology
Acute brain slices were prepared from Grm5flx/flx mice (P9-P30) with the following
procedure. Mice were anesthetized with Ketamine (125 mg/kg)/Xylazine (25 mg/kg) and the
brain removed. For ages greater than P21, mice were perfused with cold dissection buffer
before brain removal, and the dissection buffer for perfusion and slicing contained 1 mM
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kynurenate. Coronal slices, 250 μm thick, were cut at ~4° C in dissection buffer, placed in
ACSF at 35° C for 30 minutes, and slowly cooled to 21° C over the next 30 minutes. Only
slices containing the visible cytoarchitectonic barrels of somatosensory cortex were used.
Whole-cell recordings were performed in layer 2/3 centered above a barrel hollow, and cells
were targeted with IR-DIC optics in an Olympus FV300 confocal microscope. Recordings
were performed at 21° C. Data were collected with a 10 kHz sampling rate and a 3 KHz
Bessel filter.

Neurons with mGluR5 deleted were identified by GFP fluorescence (see in

utero electroporation below).

Electrophysiology Solutions
ACSF contained (mM): 126 NaCl, 3 KCl, 1.25 NaH2PO4, 2 MgSO4, 26 NaHCO3, 25
dextrose, and 2 CaCl2. All slices were prepared in the following dissection buffer (mM): 75
sucrose, 87 NaCl, 3 KCl, 1.25 NaH2PO4, 7 MgSO4, 26 NaHCO3, 20 dextrose, and 0.5 CaCl2.
All solutions were pH 7.4. ACSF was saturated with 95% O2 / 5% CO2. Unless stated
otherwise, the pipette solution consisted of (mM): 130 K-Gluconate, 6 KCl, 3 NaCl, 10
HEPES, 0.2 EGTA, 4 ATP-Mg, 0.3 GTP-Tris, 14 phosphocreatine-Tris, 10 sucrose. This
was adjusted to pH 7.25 and 290 mOsm. The junction potential was ~10 mV and was not
corrected. Therefore, actual membrane potentials are ~10 mV lower than that stated. With
this pipette solution, the reversal potential for GABAAR-mediated currents was ~-70 mV.

In utero electroporation
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To delete Grm5 in a minority of layer 2/3 pyramidal neurons, I expressed Crerecombinase fused to EGFP (Cre-GFP) (Ho et al 2006) through in utero electroporation
(Saito 2006) at embryonic day 15 (E15) in Grm5flx/flx mice. I performed a survival surgery
following procedures already described (Saito 2006). Briefly, I initially anesthetized an E15
pregnant dam in an induction chamber perfused with 3% isofluorane at 1.5L/minute and then
immediately fitted a nose-cone to maintain the isofluorane anesthesia at 1.5%. Then I
prepared the abdomen for a sterile procedure which included hair removal. A 2-3 cm vertical
incision along the midline was made and multiple pups in the uterus were temporarily
removed from the abdominal cavity keeping the uterus intact. For each pup, a solution
containing FUGW plasmid DNA expressing a Cre-GFP fusion protein under the ubiquitin
promoter (Ho et al 2006) (0.9 mg/ml) was injected into the lateral ventricle (1-2µL/embryo).
This was followed by electroporation across the head to inject the DNA into radially
migrating excitatory neurons (5 pulses, 45V, 50ms on, 100ms off). After repeating this
procedure for all pups, the uterus was reinserted into the abdominal cavity, and the incision
was sutured. Buprenorphine (0.05 mg/kg) was administered by I.P. injection immediately
before the first incision and into the abdominal cavity immediately before suturing. It was
also injected I.P. the following morning (0.1 mg/kg). The antibiotic, Baytril (2.5mg/kg), was
administered directly into the abdominal cavity immediately preceding suturing.

Miniature EPSCs
Experiments were performed with the voltage-dependent sodium channel blocker,
TTX (1 µM, Sigma), and the GABAAR antagonist, picrotoxin (100 µM, Sigma).

These
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compounds together with the -65 voltage clamp effectively isolated AMPAR-mediated
currents. Miniature EPSCs (mEPSCs) were detected using a minimum amplitude and area
that were derived from baseline noise measured in a 2 second period (5x for amplitude, and
7.5x for area).

Evoked AMPAR-mediated transmission in the layer 4 to layer 2/3 pathway
Simultaneous recordings of adjacent L2/3 pyramidal neuron pairs (< 50 µm
intersomal distance) were performed where one neuron was GFP-negative, untransfected
(UT) and the other was GFP-positive, Cre-expressing. A 2-conductor cluster stimulating
electrode (FHC, Inc.) was positioned in layer 4 to stimulate afferents of the layer 4 to layer
2/3 (L4→L2/3) pathway (stimulation intensities ranged from 1-20uA). Biphasic pulses (200
µs, 1-10 µA) were applied to induce excitatory postsynaptic currents (EPSCs) in L2/3
neurons. To reduce the occurrence of polysynaptic responses, [Mg++] and [Ca++] were raised
to 4mM in the ACSF. In all our experiments, kainate receptors were probably not involved
based on their developmental profile and on the faster kinetics of the mEPSCs and EPSCs
that I observed (Contractor et al 2011) (see Results).
To isolate AMPAR-mediated transmission (±)-3-(2-carboxypiperazin-4-yl)propyl-1phosphonic acid (CPP, 5 µM, Sigma), an NMDAR antagonist, was added to the bath. To
better isolate the monosynaptic EPSCs, I locally blocked disynaptic inhibition by positioning
a perfusion pipette containing the GABAAR antagonist, bicuculline methiodide (BMI, 5
mM), 5-15 µm above the slice surface at the location of the recordings. The tip of the
perfusion pipette was 2-5 µm in diameter and 0.1-0.2 lbs/in² of positive pressure was applied

using a pressure gauge.
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This has been done in previous studies examining this same

L4→L2/3 pathway (Bender et al 2006b). The efficacy of the blockade was assessed by the
observation of IPSCs while holding the cell at -45 mV and increasing stimulation intensity.
IPSCs could be easily observed as outward currents at -45 mV since the reversal for
GABAAR-mediated currents was in ~-70 mV in our recording conditions. I collected data
when no IPSC was observed at -45 mV with a stimulation intensity that was 1.5x the
threshold intensity for evoking EPSCs in both neurons – this generally resulted in responses
where EPSCs were observed >50% of stimulation trials in both neurons. Inhibition was
never completely blocked, but this procedure dramatically improved isolation and
measurement of monosynaptic EPSCs. Two stimulation pulses with a 50 ms interval were
applied for each trial, and each trial was separated by 4 seconds. Only EPSCs collected at 45 mV holding potential were analyzed in an effort to constantly monitor IPSC
contamination. At this potential, baseline current was very stable and individual EPSCs
clearly resolved.

Unitary EPSCs
Simultaneous “pre/post” recordings of up to 4 L2/3 pyramidal neurons were
performed to examine cell-to-cell, or “unitary”, connections among these neurons. An action
potential was evoked in one neuron at a time and unitary EPSCs (uEPSCs) examined in the
other neurons.

Only a minority of possible unitary connections actually displayed a

functional connection. A “connection” refers to a one-way, cell-to-cell connection and was
detected when the average uEPSC amplitude was >1.6 pA. Connectivity frequency was the

percent of detected connections out of all possible connections examined.
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“Failures” in

individual trials were included in all average uEPSC calculations. Unitary EPSCs were
measured at a holding potential of -65 mV, and therefore, were mainly AMPAR-mediated.
When action potentials were evoked in a presynaptic neuron, a train of 4 with a 50 ms
interval was applied. Individual presynaptic action potentials were elicited with an 8 ms
depolarizing current step (generally 600 pA).

No effort was made to collect data by age

groups. Instead, data was sampled continuously over the age range (P15-30). Unless stated
otherwise, analysis was performed on data pooled across all ages so that I could resolve 5%
to 10% differences in connectivity frequency (Chi-square analysis). PSCs were confirmed to
be uEPSCs since they did not reverse polarity between -80 mV and -45 mV – they were
inward currents at both potentials. On the other hand, IPSCs in our recording conditions
would be expected to change from an inward to an outward current with this membrane
potential change.

Analysis of evoked AMPAR-mediated EPSC
The Coefficient of Variation (CV) was calculated as the square root of (VAREPSC1 VARbaseline) divided by the MeanEPSC1 where VAREPSC1 and VARbaseline are the variance of
uEPSC1 and baseline noise respectively, and MeanEPSC1 is the mean of uEPSC1 (Faber &
Korn 1991, Markram et al 1997). Only average responses >10 pA and > 5 pA were used to
avoid significant contamination by noise for L4 and L2/3 input, respectively. Short-term
plasticity (STP) analysis for L2/3 input was performed when the average uEPSC was >1.6
pA. No amplitude criterion was required for paired pulse measurements of L4 input. An
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experiment was analyzed if the postsynaptic recording had a series resistance less than 30
MΩ. The duration of EPSCs was measured by the width at half-height of the average EPSCs
that were >9 pA and > 2 pA for L4 and L2/3 input, respectively.

Evoked NMDAR-mediated EPSCs
Simultaneous recordings of L2/3 pyramidal neuron pairs were performed as described
above (see “Evoked AMPAR-mediated transmission in the layer 4 to layer 2/3 pathway“), but
with the following modifications:

1) no perfusion pipette was used, 2) CPP was not

included, and 3) the ACSF contained the AMPAR antagonist, DNQX (20 µM, Sigma), and
the GABAAR antagonist, picrotoxin (100 µM, Sigma). Single EPSCs were collected at +40
mV separated by 15 second intervals. For analysis, responses were filtered with a 15 point
box average (±1.4 ms window) – this had no detectable affect on EPSC amplitude on these
slower NMDAR-mediated responses. Tau decay values (Fig. 2.3E) were obtained by the
time between response peak and the first point at which the response was 1/e of peak.

Immunocytochemistry
Dissociated cultures of cortical neurons were prepared from electroporated P0-1
Grm5flx/flx pups as described previously (Niere et al 2012). Staining was performed at
equivalent day (ED) 8 and 14, which equals the number of days since the birth of the pups
(p0). Antibodies were for GFP (1:500, chick, Aves lab, #GFP-1020; secondary: Alexa488,
Invitrogen, #A11039) and mGluR5 (1:1000, rabbit, Millipore, #AB5675; secondary:
Alexa555, Invitrogen, #A21430). Fluorescence images were acquired on a Nikon TE2000
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microscope with a cooled CCD camera (CoolSnap HQ; Roper Scientific) and quantified with
Metamorph software (Molecular Devices). mGluR5 signal was measured in 50 µm sections
of proximal dendrites (3 dendrites averaged per cell) and a total mGluR5 signal was
quantified by the following sequence: 1) thresholding the signal by either 1.5X (ED8) or 2X
(E14) the background, 2) obtaining the average intensity of the detected puncta, and 3)
multiplying this average by the total area covered by all the puncta area. Untransfected and
Cre-GFP expressing neurons were imaged in the same cultures and each culture was imaged
entirely in one session. Imaging parameters remained constant within each imaging session.

Dendritic morphology
Whole-cell recordings of single L2/3 neurons were performed as described except
that biocytin (4 mg/ml, Sigma) was added to the pipette solution. Only Cre-GFP expressing
cells in wild-type (WT) or Grm5flx/flx mice were examined. Recordings lasted 10-20 minutes
to allow the biocytin to perfuse into the dendritic tree, and subsequently, slices were
incubated in a recovery chamber containing ACSF for at least 30 minutes. Slices were then
put into cold 4% paraformaldehyde for 12-18 hours. After processing of tissue as described
(Gibson et al. 1999), neurons were traced and projected into a single plane, and from this, a
Sholl analysis was applied to measure branch crossings every 10 µm (Jin et al. 2003; Sholl
1956). Dendritic length was measured using Neuron J. Total dendritic length was measured
in both entire compartments (basal and apical) and within a 40 µm annulus beginning 30 µm
from the center of the soma. The annulus measurement was only applied to the basal
compartment of the dendritic arbor.
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Statistics
All statistics were performed using Graphpad Prism software (Systat Software, Inc.),
and statistical significance was p<0.05. A paired t-test was applied to all comparisons of 2
groups unless stated otherwise. All comparisons involving greater than 2 groups were made
using 2-factor ANOVAs with the genotype factor (UT vs. Cre) a repeated measures
dimension unless stated otherwise. For connectivity frequency, comparisons were made with
a χ-square test. F-I curves were compared using 2-factor ANOVAs with repeated measures
in both genotype and current step dimensions.

For the morphology data, dendritic

complexity was compared using a 2-factor ANOVA with repeated measures in the distance
dimension, and total dendritic length was compared using an unpaired t-test. Measurement
error is ±SEM except for connectivity frequency which is 95% confidence interval (CI)
(Clopper-Pearson method).

Results
Grm5 deletion in individual L2/3 neurons with Cre-expression
I performed in utero electroporation of E15 embryos to express Cre-GFP in a subset
of L2/3 neurons in Grm5flx/flx mice (Fig. 2.1A). By inspection during experiments, all somas
had the size and shape of pyramidal neurons. All Cre-expressing neurons displayed a regular
spiking firing pattern (McCormick et al 1985), and when they were presynaptic in a cell-tocell connection to any other neurons that were simultaneously recorded (23 times out of a
total of 341 potential connections tested, see Fig. 2.4C), the connection was always
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excitatory (see Methods, “Unitary EPSCs”). This observation together with previous studies
demonstrating that the in utero electroporation technique selectively targets excitatory
neurons (Adesnik & Scanziani 2010, Saito 2006) indicated that all Cre-expressing neurons in
this study were excitatory. The untransfected (UT) neurons in our experiments had the same
electrophysiological properties indicating that they were predominantly excitatory neurons as
well.
To determine how effective this approach was at removing mGluR5 (the protein
product of Grm5) from individual neurons, I performed immunocytochemical staining of
mGluR5 in dissociated cortical neuron culture (Fig. 2.1B).

The dissociated culture

preparation was used because the clear mGluR5 antibody staining enabled quantification in
individual neurons, which was not possible in brain sections. Using this method, I observed
that removal of mGluR5 occurred in Cre-GFP expressing cells by equivalent day 8 (ED8,
corresponding to 8 DIV). In vivo, mGluR5 expression has previously been shown to increase
until it peaks around P14 (Wijetunge et al 2008), and similarly, I found greater mGluR5
expression in cultured UT neurons at ED14 (Fig. 2.1C).

Up-regulation of action potential-independent synaptic release
I first determined if glutamatergic synaptic function was affected by Grm5 deletion
by examining miniature EPSCs (mEPSCs) – action potential-independent, spontaneously
occurring EPSCs. At three different ages (P9-11, P14-17, P20-24), I performed simultaneous
recordings of untransfected (UT) and Cre-GFP expressing (Cre) pyramidal neuron pairs in
L2/3 (Fig. 2.2A,B). Because I measured mEPSCs at -65 mV and the bath contained a
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GABAAR antagonist (see Methods), mEPSCs were predominantly mediated by AMPARs.
Kainate receptors were probably not involved (see Methods). I observed effects based on
both neuron genotype and age (Fig. 2.2C,D; 2-factor ANOVA, p<0.05 for main effect of
both cell genotype and age).

Most notably, Cre-expressing neurons displayed increased

mEPSC frequency but unchanged mEPSC amplitude. Changes were not resolved within a
single age group. As an alternative analysis, I pooled the data over all ages (Fig. 2.2C,D,
right) which revealed a 31% increase in mEPSC frequency with Cre-expression (p<0.05,
paired t-test). In control experiments performed in WT P14-20 mice, no changes in mEPSC
frequency (1.33±0.42 vs. 1.34±0.78 Hz, UT vs. Cre, N=26 pairs) or input resistance (183±20
vs. 218±20 MΩ, N=26 pairs) were observed indicating that Cre-expression alone had no
detectable effects. While it is not clear whether the increase in frequency represents an
increase in synapse number or in presynaptic release probability, this finding suggests that
mGluR5 may function to suppress action potential-independent glutamatergic synaptic
function.

Down-regulation of evoked transmission in the L4→L2/3 synaptic pathway
Because mEPSCs and action potential-dependent synaptic transmission may be
independent processes (Ramirez & Kavalali 2011), I next examined glutamatergic synaptic
transmission evoked by presynaptic action potentials. I first examined AMPAR-mediated
synaptic transmission onto L2/3 pyramidal neurons originating from presynaptic neurons in
layer 4 (L4). I simultaneously recorded from L2/3 untransfected and Cre-expressing neuron
pairs, and afferents from layer 4 were stimulated with a metal electrode (Fig. 2.3A). Local
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application of a GABAAR antagonist was applied to decrease contamination by disynaptic
inhibition (see Methods). I compared the amplitude of the first EPSC in a 2 pulse train (Fig.
2.3B), and I observed effects based on both neuron genotype and age (Fig. 2.3C, left; 2-factor
ANOVA, p<0.05 for main effect of both cell genotype and age). Unlike mEPSCs, evoked
transmission in the L4→L2/3 pathway was decreased by Grm5 deletion as observed by
decreased EPSC amplitude in Cre-expressing neurons. No amplitude change was resolved
within the individual age groups. Pooling the data over all the age groups revealed a 24%
decrease in EPSC amplitude (Fig. 2.3C, right; p<0.05, paired t-test).
I observed no changes in the paired pulse ratio (Fig. 2.3D) or in CV (0.28 ± 0.03 vs.
0.29 ± 0.02; UT vs. Cre, n=40) indicating that presynaptic release probability is not greatly
altered in this pathway. No change in EPSC kinetics was observed (width at half-height:
9.5±0.5 vs. 8.9±0.6 ms, UT vs. Cre; n=33; p = 0.08; decay time constant: 15.8±0.6 vs.
15.0±0.5 ms, UT vs. Cre; n=33; p=0.15).
In a separate set of experiments performed at P14-16, I measured NMDARmediated synaptic currents in complete isolation from AMPARs and GABA ARs since the
antagonists DNQX (20 µm) and picrotoxin (100 µm) were included in the ACSF. I observed
no changes in NMDAR-mediated transmission with Grm5 deletion since both the amplitude
and waveform kinetics of the EPSCs were unchanged (Fig. 2.3E, statistical power = 0.75).
For the kinetics, both decay time constant (Fig. 2.3E) and width at half-height (157±7 vs.
169±6 ms, UT vs. Cre; n=43; p=0.18) were unchanged. In summary, deletion of Grm5
resulted in the selective decrease in evoked AMPAR-mediated synaptic transmission, but not
in NMDAR-mediated transmission.
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I next determined if any changes in feedforward inhibition accompany the decrease in
excitation in order to better understand the network impact of mGluR5 regulation. It is
important to note that the site of regulation for disynaptic IPSCs would be in the recorded
excitatory neuron since inhibitory neurons are not transfected with our in utero
electroporation. I performed the same experiment except did not perfuse the GABAAR
antagonist onto the recorded cells. Neurons were voltage-clamped at -45 mV and evoked
postsynaptic currents were biphasic with an early downward component followed by a later
upward component (Fig. 2.4A).

The early downward peak represented the EPSC, but

probably was altered due to superposition with disynaptic IPSCs. The later upward peak
represented the disynaptic IPSC with less contribution from the EPSC since our experiments
with GABAAR antagonist perfusion indicated that approximately 25% of the EPSC remained
at the latency for this second later peak. For each experiment, I measured each peak and
calculated the I:E ratio for both the UT and Cre neuron (Fig. 2.4B). On average, the ratio
increased for Cre neurons (Fig. 2.4C, p<0.05). While I cannot resolve whether this was due
to any changes in IPSC amplitude, it suggests that our observed decrease in EPSCs is
accompanied by a shift in the balance in this pathway that favors disynaptic inhibition.

Down-regulation of evoked transmission in the local L2/3→L2/3 pathway
Perhaps the discrepancy between the upregulation of AMPAR-mediated transmission
with Grm5 deletion observed with mEPSCs and the down-regulation of L4→L2/3 evoked
transmission can be explained by the L4→L2/3 pathway being uniquely down-regulated
while evoked transmission in other synaptic pathways onto the same L2/3 neurons are up-
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regulated. I tested this possibility by examining the effects of Grm5 deletion on local
AMPAR-mediated input from neighboring L2/3 pyramidal neurons – the local L2/3→L2/3
pathway. I performed simultaneous “pre/post” recordings of up to 4 neurons to examine
unitary EPSCs (uEPSCs) from neighboring, single presynaptic pyramidal neurons (Fig.
2.5A) in the P15-30 age range. These uEPSCs were most likely AMPAR-mediated (see
Methods). Unless stated otherwise, analysis was performed on data pooled across all ages.
For each trial, a train of 4 presynaptic action potentials (50 ms interval) was applied (Fig.
2.5B, Neuron 1).
I first examined connection frequency which is the percent of one-way functional
connections observed out of all possible one-way connections (see Methods). When plotted
as a function of pre- and postsynaptic Cre-expression (Fig. 2.5C left), any connection
involving a Cre-expressing neuron had a decreased connection frequency compared to UT
pairs. Most notably, just as postsynaptic Grm5 deletion weakened the L4→L2/3 projection,
postsynaptic Grm5 deletion also weakened the local L2/3→L2/3 pathway through a
connectivity frequency decrease.

I also performed an additional analysis of these

connectivity frequencies where the 4 genotypic pre/post combinations were sorted into 2
groups based on pre- or postsynaptic Cre-expression.

This type of merging has been

performed in previous studies using pre/post recordings (Hanson & Madison 2007, Patel et al
2014). Again, postsynaptic Grm5 deletion decreased connectivity frequency (Fig. 2.5C
right). Therefore, both analysis protocols show a clear effect of postsynaptic Grm5 deletion.
A similar grouping based on presynaptic expression was not significant (p=0.16) although a
similar decreasing trend with Cre-expression was observed.
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I detected no changes in uEPSC amplitude (Fig. 2.5D, uEPSC1 in the train) or
duration (width at half-height: 9.1 ± 0.5 vs.11.7 ± 1.4 ms, UT vs. Cre; n=27,18; p = 0.06).
Evidence of an increase in release probability was shown by more short-term depression with
postsynaptic Grm5 deletion (Fig. 2.4E, left, 2-factor ANOVA with main effect of
postsynaptic genotype), but with an alternative analysis based on pooled data, this effect was
not significant (Fig. 2.5E, right, paired t-test, Bonferroni correction=2). Therefore, even
though uEPSC1 amplitude is unchanged, it is possible that increased release probability
offsets a slight amplitude decrease. Coefficient of variation was not detectably altered (0.34
± 0.04 vs. 0.31 ± 0.05; postsynaptic UT vs. Cre; n=20,14).
In summary, postsynaptic Grm5 deletion in the local L2/3→L2/3 synaptic pathway
resulted in a similar down-regulation of AMPAR-mediated transmission like that observed
for the L4→L2/3 pathway suggesting that this decrease in evoked transmission is nonspecific
and that the up-regulation observed with mEPSC frequency might be due to another,
independent mGluR5-regulated process. Our data indicate that long-term mGluR5 function
promotes the strength of evoked AMPAR-mediated transmission in multiple glutamatergic
input pathways.

Decreased dendritic arbor with Grm5 deletion
To determine if the above changes in synaptic transmission possibly involved
morphological changes, I examined how the dendritic tree of L2/3 pyramidal neurons was
altered with Grm5 deletion (Fig. 2.6A). I compared the morphology between Cre-GFP
expressing neurons in WT versus Grm5flx/flx mice (P13-17, average age P15 and P15.3,
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respectively). A Sholl analysis was performed to determine if the complexity of the dendritic
tree was altered, and found a decrease in complexity with Grm5 deletion (2-factor ANOVA,
genotype x distance). To determine the locus for this decrease, I then split the Sholl analysis
between basal and apical dendritic compartments. This revealed a decrease in dendritic
complexity in the basal compartment in the 30-70 µm distance range from the soma (multicomparison test, Fig. 2.6B,C). Interestingly, both the L4→L2/3 and L2/3→L2/3 synapses
likely have strong overlap with this dendritic region (Feldmeyer et al 2006, Feldmeyer et al
2002) (see Discussion). To correlate this decrease in complexity with a possible reduction in
available dendritic membrane, I measured the total dendritic length in basal and apical
dendritic compartments. I observed no detectable alteration (Fig. 2.6D), but when I limited
our analysis to the 30-70 µm range in the basal compartment where a decrease in complexity
was observed, I did observe a length decrease with Grm5 deletion (Fig. 2.6E). While the link
between this decrease in dendritic arbor and our observed changes in evoked synaptic
transmission is unclear, these data suggest that there is less dendritic membrane for synapses
originating from the L4→L2/3 and L2/3→L2/3 pathways to make contact.

Increased Excitability with Grm5 deletion
Group I mGluRs are also known to regulate intrinsic membrane currents which,
depending on the study, results in either increases or decreases in excitability (Carlier et al
2006, Ireland & Abraham 2002, Kalmbach et al 2013, Sourdet et al 2003a). Therefore, it
was unclear how loss of mGluR5 might affect excitability. This was important to investigate
since changes in excitability may be related to the synaptic alterations that I observe. To
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measure excitability, I sequentially applied current steps (400 ms duration) of increasing
amplitude under resting potential conditions and counted the number of action potentials
evoked (Fig. 2.7A). From this I obtained curves of firing frequency as a function of current
step amplitude (F-I curves). At all age groups examined, I found that Cre-expressing neurons
were more excitable since their average F-I curves were significantly above that for UT
neurons (Fig. 2.7B).

This excitability increase may have been due to changes in

suprathreshold currents since the subthreshold properties of input resistance and resting
membrane potential were mostly unchanged (Fig. 2.7C,D). Therefore, synaptic changes are
accompanied by clear increases in excitability, and these data suggest that mGluR5 activation
normally functions to decrease membrane excitability.

Discussion
With chronic, cell-autonomous loss of mGluR5, AMPAR-mediated transmission in
glutamatergic synaptic pathways is weakened when assayed with evoked transmission. This
occurred in 2 separate pathways providing input to L2/3 neurons. On the other hand,
NDMAR-mediated transmission was not affected. This indicates that the final outcome of all
mGluR5-dependent processes (incorporating both acute and long-term processes) during
postnatal development is to strengthen AMPAR-mediated synaptic transmission across
multiple input pathways.

Interestingly, excitability increased with loss of mGluR5

suggesting that mGluR5 regulation of nonsynaptic membrane currents may act to decrease
excitability.

These results indicate that mGluR5 may have a dual functional role in
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maintaining normal excitability during development by having opposite effects on processes
that impact excitability at synapses versus nonsynaptic ion channels.
The decrease in AMPAR-mediated transmission was somewhat surprising
considering that acute Gp1 mGluR activation, with a strong contribution from mGluR5, is
commonly observed to weaken synaptic pathways (Luscher & Huber 2010), particularly in
the ones that I examined – L4→L2/3 (Bender et al 2006b) and L2/3→L2/3 (Zilberter et al
2009). As opposed to the short-term acute weakening examined in these earlier studies, our
results suggest that there may be a longer term process in vivo involving mGluR5 that
functions to strengthen synaptic pathways. But acute activation of mGluR5 may be involved
as well. Acute strengthening, or long-term potentiation (LTP), by Gp1 mGluRs is observed
in other cortical glutamatergic pathways (Anwyl 2009). In the L4→L2/3 pathway that I
examined, mGluR5-mediated LTP has only been observed under special conditions where
sensory input is removed by whisker trimming (Clem et al 2008) , but it is unclear how these
conditions apply to our study.
Our findings may be considered analogous to that found for cell-autonomous loss of
NMDARs (Adesnik et al 2008, Gray et al 2011). These glutamatergic receptors have many
roles in plasticity and development, but one most notable role is in LTP.

Therefore,

NMDAR loss may be expected to weaken glutamatergic synaptic pathways. On the contrary,
a prominent strengthening occurs suggesting that these receptors suppress synaptic pathway
strength in the long-term. In our study, it appears that long-term mGluR5 function may
paradoxically strengthen glutamatergic pathways by increasing AMPAR-mediated
transmission. This paradox for mGluR5 is not entirely without precedent since a longer-term
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process involving mGluR5 in the strengthening of layer 5 connectivity has been observed (Le
Be & Markram 2006).
Our ability to effectively observe weakening in single pathways with postsynaptic
Grm5 deletion was made possible by our cell-autonomous approach and simultaneous
recording of test and control. This and other observations in our study are consistent with
some somatosensory cortex data obtained from the global Grm5 KO mouse (Wijetunge et al
2008). In this previous study, spine number in L4 neurons were decreased in the Grm5 KO
mouse suggesting that glutamatergic pathways onto these neurons may be weakened in some
form. Moreover, glutamatergic synaptic proteins obtained from cortical tissue were also
decreased. Our paradoxical observation of increased mEPSC frequency has been observed
in the Grm5 KO mouse (Ballester-Rosado et al 2010).
On the other hand, some of our findings were not consistent with more global Grm5
deletion. While I observe a decrease in dendritic length and complexity, other studies
examining L4 neurons observed an increase or no change in the same properties (BallesterRosado et al 2010, Wijetunge et al 2008). I also did not observe alterations in NMDAR
mediated synaptic transmission reported in the Grm5 KO (Lu et al 1997, Matta et al 2011,
She et al 2009). Therefore, some of these previously observed changes could stem from
indirect effects of Grm5 deletion. Alternatively, differences in our data could simply reflect
the different cell types and synaptic pathways examined.
While evoked AMPAR-mediated transmission was weakened, it remains unclear how
direct a role the loss of mGluR5 played. Just as with deletion of NMDARs in earlier studies,
insight into synaptic specific function of these glutamate receptors is confounded both by
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their clear affects on membrane potential and their established role in regulating nonsynaptic
ion channels (Carlier et al 2006, Ireland & Abraham 2002, Johnston et al 2003, Kalmbach et
al 2013, Sourdet et al 2003a). I find that loss of mGluR5 resulted in an intrinsic excitability
increase, and previous studies have demonstrated that increases in chronic firing can result in
depressed glutamatergic transmission through homeostatic processes (Turrigiano & Nelson
2004).

Moreover, intrinsic excitability changes could alter evoked glutamatergic

transmission through changes in spike-timing-dependent plasticity known to occur in the
pathways I examined (Bender et al 2006b).

Therefore, it is possible that the synaptic

pathway weakening was caused by membrane excitability changes and not by loss of
mGluR5 function at the synapse.
In the context of AMPAR-mediated transmission, it was interesting that action
potential-independent mEPSCs were regulated in the opposite direction of that observed for
action potential-dependent evoked transmission.

This may be due to mEPSCs being

regulated differently from evoked release (Ramirez & Kavalali 2011). While I prefer to
stress the effects on evoked transmission since I think this would have a more direct impact
on cortical processing, this opposite regulation of mEPSCs may impact more local,
homeostatic processes that may also indirectly impact cortical processing (Sutton &
Schuman 2009).
The substrate for the specific decrease in AMPAR-mediated, but not NMDARmediated, transmission with Grm5 deletion is unclear. I observed no change in paired pulse
ratio in the L4→L2/3 pathway and more short-term depression in the L2/3→L2/3 pathway
(Fig. 2.3D and 4E). This suggests that a decrease in release probability does not underlie the
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decreased responses. The receptor subtype composition appeared unaltered based on the lack
of change in EPSC kinetics of both AMPAR- and NMDAR-mediated responses. Among
many possibilities, I consider 3 scenarios: 1) synapse number is unchanged, but there is a
decrease in the content of AMPARs at each synapse, 2) synapse number is unchanged, but
there are a higher proportion of NMDAR-only, or “silent”, synapses, and 3) there is a
decrease in synapse number, but a compensatory increase in NMDARs at each synapse. The
likelihood of scenario one is diminished since quantal amplitude of AMPAR-mediated
mEPSCs was unaltered (Fig. 2.2D). The decrease in connectivity in the L2/3→L2/3 pathway
with Grm5 deletion is more consistent with scenarios 2 and 3 (Fig. 2.4C). If our observation
of decreased dendritic length in the 30-70 µm range reflects a decrease in synapse number
due to reduced membrane availability for synapses, this observation would be consistent with
scenario 3. But there is no compelling evidence at this point to argue for a single one of
these scenarios, and future study is needed to resolve this issue.
Mechanisms shaping dendritic and synaptic development are likely intertwined
(Cubelos et al 2010, Xu et al 2011). Therefore, our observation of decreased dendritic length
in the 30-70 µm distance range of the basal dendritic tree may be related to the decrease in
AMPAR-mediated synaptic transmission. This particular basal dendritic region substantially
overlaps with the region shown to contain the synapses originating from both the L4→L2/3
and L2/3→L2/3 pathways - 67±34 and 91±47 µm, respectively (mean±sd) (Feldmeyer et al
2006, Feldmeyer et al 2002). While these previously reported synaptic target regions are
skewed to longer distances on the basal dendrites compared to our zone of decreased
dendritic length, these previously reported data are based on older age rats (P17-23).
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Therefore, the reported distances may scale down in the younger mice that I employ (P13-17)
resulting in even stronger overlap between regions of synaptic targeting and dendritic length
decrease.
Based on the sparse-cell deletion strategy used in this study and mGluR5’s known
functions at excitatory synpases, it is likey that the effects I observed on baseline evoked
transmission are influenced at least in part by mGluR5’s direct action on these synapses.
However, mGluR5 has also been shown to be involved in a form of heterosynaptic plasticity
affecting GABAergic transmission (Huang et al 2008). Interestingly, mGluR5 deletion may
alter the L4-L2/3 microcircuit by enhancing inhibitory tone, as I observed an increase in the
I:E ratio. Furthermore, the predominant form of synaptic plasticity at the L4-L2/3 synapse is
spike-time-dependent plasticity (Feldman 2012). As precise timing of pre and post synaptic
spikes is crucial to both the direction and magnitude of changes to synaptic function,
expression of this form of plasticity is likely strongly influenced by both inhibitory control
and membrane excitability. Therefore, while mGluR5’s regulation of evoked transmission
reflects in part its homosynaptic function, it is important to consider the contribution of its
heterosynaptic and non-synaptic functions to this regulation as well.
Interestingly, delaying deletion of mGluR5 until later in postnatal development by
injecting AAV-Cre-GFP into p1 Grm5flx/flx mice (see Chapter 3 Methods) seems to have very
little effect on synaptic transmission (Appendix A). Based on previous reports using a
similar deletion strategy, loss of protein product may not be complete until approximately
p13 (Gray et al 2011). By staining for mGluR5 in dissociated cortical cultures generated
from previously injected p0 pups, I observed that mGluR5 signal was virtual undetectable in
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GFP expressing cells by p10 (data not shown). Therefore, I estimate that complete loss of
mGluR5 occurs around p9. Although there was no detectable effect on spontaneous or
evoked transmission when probed at either 2 or 3 weeks, a trend was observed in mEPSC
frequency later in at 3 weeks (p = 0.118, Appendix A), suggesting that delaying removal of
mGluR5 may simply delay the disruption of synaptic function.
Both the etiology and proposed treatments of a number of neurological disorders
involve chronic, long-term alterations in mGluR5 function (D'Antoni et al 2014, Dolen et al
2007, Nickols & Conn 2014, Pomierny-Chamiolo et al 2014, Yin & Niswender 2014).
Interestingly, our unexpected finding that AMPAR-mediated evoked transmission is
weakened with Grm5 deletion in light of the known role of mGluR5 in LTD is analogous to a
paradox in synaptic phenotypes in the Fragile X model mouse – the Fmr1 KO. In this
mouse, there is enhanced acutely induced Gp1 mGluR-dependent long-term depression, but
at the same time, there is increased synapse number and connectivity in the Fmr1 KO (Bagni
& Greenough 2005, Bear et al 2004, Huber et al 2002, Patel et al 2014). These contradicting
phenotypes may both be due to enhanced mGluR5 signaling (Bear et al 2004, Dolen et al
2007). Our data support this speculated role for mGluR5 alterations in the Fmr1 KO since
long-term mGluR5 function promotes pathway strengthening, but at the same time, mediates
acutely induced long-term depression.
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Figure 2.1. Grm5 deletion results in loss of the protein product, mGluR5, in cortical
neurons

Figure 2.1. Grm5 deletion results in loss of the protein product, mGluR5, in cortical
neurons. A) Fluorescent image of a P15 acute slice showing Cre-GFP expression in a subset
of L2/3 neurons (scale bar: 250 µm). B) Immunocytochemical staining for mGluR5 and GFP
in dissociated neocortical cultures show removal of mGluR5 with Cre-GFP expression in
individual neurons (ED8, scale bar = 20 µm). C) At both ED8 (left) and ED14 (right),
mGluR5 expression is virtually undetectable with Cre expression in the population of
neurons examined. ***, p<0.001.
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Figure 2.2. mEPSC frequency is increased with Grm5 deletion.

Figure 2.2. mEPSC frequency is increased with Grm5 deletion. A) Images of the
simultaneous recording of an untransfected (UT) and Cre-expressing (Cre) pair of L2/3
pyramidal neurons: 1) low power DIC, 2,3) high power DIC and GFP fluorescence, oriented
with pia below cell pair. Scale bars are 200 µm (white) and 10 µm (black). B) Example
traces of mEPSCs. Scale bar: 20 pA/50 ms. C) mEPSC frequency in recorded pairs in a
scatterplot ordered by age (left) and pooled over all ages in a bar graph (right). In the scatter
plot, statistical significance is derived from a 2-factor ANOVA with a main effect of cell
genotype and in the bar graph, from a paired t-test. *, p<0.05. D) mEPSC amplitude in a
scatterplot ordered by age (left) and pooled over all ages in a bar graph (right). For each age
group, N ranges from 16-22. For bargraphs, total cell sample number is indicated inside the
bars. For scatter plots, mean±SEM is in bold black.
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Figure 2.3. Evoked transmission in the L4→L2/3 pathway is weakened with Grm5
deletion.
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Figure 2.3. Evoked transmission in the L4→L2/3 pathway is weakened with Grm5
deletion. A) Cartoon schematic and DIC image of the experiment configuration with a
stimulating electrode in L4 (horizontal arrow), and a perfusion pipette applying the
GABAAR antagonist, picrotoxin, (vertical arrow), and 2 recording pipettes (unmarked; scale
bar: 200 µm) in L2/3. B) Example traces of AMPAR-mediated evoked EPSCs with 2 pulses
of stimulation (scale bar: 50 pA/50 ms). C,D) AMPAR-mediated EPSC amplitude (C) and
pair pulse ratio (D) plotted by age in a scatterplot (left) and pooled over all ages in a bar
graph (right). Statistics identical to that performed in Figure 2C. *, p<0.05. E) Sample trace
averages from individual experiments examining NMDAR-mediated EPSCs (E1, Scale bar:
25 pA/100 ms) and scatter plots of their amplitude (E2; averages depicted in the bar graph)
and tau (E3) decay showing no change with Grm5 deletion. For bargraphs, total cell sample
number is indicated inside the bars. For scatter plots, mean±SEM is in bold black.
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Figure 2.4. Relative feed-forward inhibition is enhanced with Grm5 deletion.

Figure 2.4. Relative feed-forward inhibition is enhanced with Grm5 deletion.
A) Example traces of L4-evoked, biphasic responses consisting of an EPSC (early,
downward component) and a disynaptic, feed-forward IPSC (late, upward component) in
L2/3 cell pairs. B) Ratio of inhibition to excitation (IPSC/EPSC) for each cell plotted to
show the relationship between each UT and Cre expressing cell pair (averaged in C). *,
p<0.05.
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Figure 2.5. Evoked transmission in the local L2/3→L2/3 pathway is weakened with
Grm5 deletion.
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Figure 2.5. Evoked transmission in the local L2/3→L2/3 pathway is weakened with
Grm5 deletion. A) Overlaid DIC and fluorescent image of the simultaneous recording of 4
L2/3 pyramidal neurons (scale bar = 10 µm). B) Sample traces obtained from the neurons in
(A) where action potentials were evoked in neuron 1 and only neuron 2 displayed a
functional unitary connection. Traces are averages except for that of neuron 1 which is a
single trace. Scale bars: B1=1600 pA/50 ms, B2-4=10 pA/50 ms. C) Connection frequency
plotted as a function of the genotypic combination of the pre- and postsynaptic neurons (left)
and as a function of merged presynaptic and postsynaptic groups (right). Genotypic identity
is indicated by the presence (+) or absence (-) of Cre in the pre- and postsynaptic cells
(pooled data sets indicated with ±). Significance in left graph is based on chi-square
comparisons to -/- combination with Bonferroni correction of 3. Significance in right graph
based on chi-square with a Bonferroni correction of 2. D) uEPSC amplitude is unchanged
based on either pre- or postsynaptic groupings. N’s for genotype combination are (from left
to right) 30, 7, 14, & 16 and for merged presynaptic and postsynaptic groups are 47, 23, 43,
& 21. E) Short-term plasticity (STP, average amplitude of EPSC3 and 4 divided by EPSC1
amplitude) as a function of genotypic combination (left; N’s (from left to right) are 14, 7, 12,
& 13) and merged presynaptic and postsynaptic groups (right; N’s (from left to right) are 26,
19, 27, & 18). In E, statistical significance is based on a 2-factor ANOVA with a main effect
of postsynaptic genotype (left). *, p<0.05.
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Figure 2.6. Complexity of the basal dendrites of L2/3 pyramidal neurons is decreased
with Grm5 deletion.

Figure 2.6. Complexity of the basal dendrites of L2/3 pyramidal neurons is decreased
with Grm5 deletion. A) Example tracings of filled Cre-expressing L2/3 pyramidal neurons
in WT and Grm5flx/flx mice. The dendritic arbors are divided into basal (black) and apical
(gray) compartments. B,C) Applying a Sholl analysis to assay dendritic complexity, a
decrease in intersection number is observed with Grm5 deletion in a limited region of the
basal dendritic tree (B). 30, 40, 50, 60 and 70 µm distances from the soma had significant
differences (indicated by shaded box). D) No differences in total dendritic length in basal or
apical were resolved. E) Restricting length analysis of the basal compartment to an annulus
30-70 µm from the soma revealed a significant decrease. **, p<0.01.
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Figure 2.7. Intrinsic excitability is increased with Grm5 deletion while subthreshold
membrane alterations are less pronounced.

Figure 2.7. Intrinsic excitability is increased with Grm5 deletion while subthreshold
membrane alterations are less pronounced. A) Example traces (middle, right) of action
potential firing in response to varying current steps (left) in a pair of UT and Cre expressing
neurons. Scale bars: 50 mV/200 ms. B) F-I curves showing the number of spikes evoked
with increasing current step amplitudes at the four timepoints tested (B1-B4). N’s for B1-B4
are, respectively: 14, 19, 18, & 13. C) Average resting membrane potential ordered by age.
D) Average input resistance ordered by age. ***, p<0.001, **, p<0.01, *, p<0.05.
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CHAPTER THREE
Results
POSTSYNAPTIC MEF2C PROMOTES EVOKED GLUTAMATERGIC SYNAPTIC
TRANSMISSION ONTO NEOCORTICAL LAYER 2/3 PYRAMIDAL NEURONS
DURING DEVLEOPMENT

This chapter describes a project that was studied in collaboration with Kacey Rajkovich, who
collected much of the data discussed herein. Contributions to data collection are noted in the
figure legends with mine (KL) and/or Kacey’s (KR) initials.

Introduction
Proper development of neural circuits is critical for an organism’s capacity for
learning and memory.

One question in the development of circuits is how genetically

programmed cell functions interact with sensory experience to result in mature circuits that
are relatively consistent across animals. What set of genetically defined rules would result in
a relatively standard circuitry considering the variability in sensory experiences among
individual animals? Considering the remarkable similarities in circuit arrangement of certain
brain areas even across species, it seems that the dictum set forth by the genetic code is
descriptive enough to orchestrate the assembly of neural circuits, yet offers enough flexibility
with which neural circuits can be adapted by experience without losing their general
framework. Furthermore, this flexibility is important beyond the initial organization of
neural circuits, as ongoing learning and memory throughout an animal’s life requires circuit
adaptation.
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It is therefore of critical importance to identify and characterize the genetic factors
that set up this remarkably adaptive set of rules. While identifying transcription factors
involved in early components of development, such as differentiation and migration, is one
critical piece of this puzzle, investigating transcription factors that are engaged by sensory
experience to shape and modify circuit formation and synaptic function will offer additional
insight to mechanisms of learning and memory that persist into adulthood. One intriguing
candidate is the activity-dependent transcription factor MEF2. A role for MEF2 in regulating
synaptic function in response to neural activity has been previously demonstrated (Flavell et
al 2008). The nature of this regulation is unclear and likely contains both subtype and celltype specific components, as different circumstances reveal roles for both MEF2-mediated
suppression (Barbosa et al 2008, Wilkerson et al 2014) and enhancement (Li et al 2008) of
synaptic function.
As a transcription factor, MEF2 regulates a multitude of cellular functions, the extent
of which is currently unknown. Therefore, in an effort to circumvent potential network
compensatory effects from globally deleting MEF2 genes in a large number of cells, I
employ a sparse-population deletion strategy in which only a fraction (5-20%) of cells are
manipulated by injecting a Cre-GFP AAV into neonates from either the Mef2Cflx/flx or the
Mef2A/Dflx/flx background. Furthermore, this technique bypasses any potential perturbation of
early developmental processes such as cell differentiation or migration as previous studies
using this technique have observed that protein expression is not completely absent until p13
(Gray et al 2011). Therefore, this deletion strategy allows for the investigation of the cell-
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autonomous roles of different MEF2 genes after early developmental events have already
taken place.
Here, MEF2C is identified as the critical MEF2 genes in regulating synaptic function
in somatosensory cortex, consistent with MEF2C being the most predominately expressed
MEF2 family member in cortex (Lyons et al 2012a). In agreement with previous reports
examining pyramidal cells of hippocampus and neocortex (Li et al 2008), I report a decrease
in synaptic input in MEF2C deleted cells, suggesting MEF2C has a normal role in facilitating
synaptic transmission.

Furthermore, I establish a link between sensory experience and

MEF2C-mediated regulation of synaptic function.

Materials and methods
Mice
EMX1-Cre mice (Gorski et al 2002), floxed Mef2C mice (Mef2Cflx/flx) (Arnold et al
2007) and floxed Mef2A/D mice (Mef2A/Dflx/flx) (Kim et al 2008, Naya et al 2002) were
maintained on a mixed C57Bl6 and 129/SvEv background strain. EMX1-Cre mice express
Cre in all cortical glia and excitatory neurons from E10.5 onward. For sensory deprivation
experiments, mice were subjected to daily unilateral whisker trimming from p9-p18 where all
whiskers on one side of the facial pad were maintained at a length of < 2 mm. The brain
hemisphere corresponding to the ‘deprived’ facial pad was contralateral to the trimmed facial
pad, as these sensory inputs predominately innervate the opposite hemisphere. All
experimental procedures using these mice in this study were approved by the Institutional
Animal Care and Use Committee at UT Southwestern.
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Electrophysiology
Acute brain slices were prepared from Mef2Cflx/flx mice (P20-P25) with the following
procedure. Mice were anesthetized with Ketamine (125 mg/kg)/Xylazine (25 mg/kg) and the
brain removed. All mice were perfused with cold dissection buffer before brain removal, and
the dissection buffer for perfusion and slicing contained 1 mM kynurenate. Coronal slices,
250 μm thick, were cut at ~4° C in dissection buffer, placed in ACSF at 35° C for 30
minutes, and slowly cooled to 21° C over the next 30 minutes. Only slices containing the
visible cytoarchitectonic barrels of somatosensory cortex were used. Whole-cell recordings
were performed in layer 2/3 centered above a barrel hollow, and cells were targeted with IRDIC optics in an Olympus FV300 confocal microscope. Recordings were performed at 21°
C. Data were collected with a 10 kHz sampling rate and a 3 KHz Bessel filter.

Neurons

with MEF2C deleted were identified by GFP fluorescence (see AAV postnatal injection
below).

Electrophysiology Solutions
ACSF contained (mM): 126 NaCl, 3 KCl, 1.25 NaH2PO4, 2 MgSO4, 26 NaHCO3, 25
dextrose, and 2 CaCl2. All slices were prepared in the following dissection buffer (mM): 75
sucrose, 87 NaCl, 3 KCl, 1.25 NaH2PO4, 7 MgSO4, 26 NaHCO3, 20 dextrose, and 0.5 CaCl2.
All solutions were pH 7.4. ACSF was saturated with 95% O2 / 5% CO2. Unless stated
otherwise, the pipette solution consisted of (mM): 130 K-Gluconate, 6 KCl, 3 NaCl, 10
HEPES, 0.2 EGTA, 4 ATP-Mg, 0.3 GTP-Tris, 14 phosphocreatine-Tris, 10 sucrose. This
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was adjusted to pH 7.25 and 290 mOsm. The junction potential was ~10 mV and was not
corrected. Therefore, actual membrane potentials are ~10 mV lower than that stated. With
this pipette solution, the reversal potential for GABAAR-mediated currents was ~-70 mV.

AAV postnatal injection
All neonatal stereotaxic injections were performed according to a previously
described procedure (Adesnik et al 2008) with some modifications. Briefly, postnatal day 1
(P1) Mef2Cflx/flx mice were anesthetized on ice and then fixed in a custom head mold prior to
a single unilateral stereotaxic injection of AAV2.9-Cre-GFP (15 x 69-nL pulses @ 1012 titer,
University of Pennsylvania Vector Core & Gene Therapy Program) targeting the lateral
ventricle at a depth of approximately 1.2 mm into the brain with a beveled virus-filled pipette
fastened to a NanojectTM injector (Drummond Scientific, Inc.). Mice quickly recovered on a
heating pad until regaining mobility and were then returned to the home cage until needed for
electrophysiological experiments at age P20-P25.

Miniature IPSCs
Experiments were performed with the voltage-dependent sodium channel blocker,
TTX (1 µM, Sigma). To block fast glutamatergic transmission, antagonists of NMDARs
(CPP; 5 µM, Sigma) and AMPARs (DNQX; 20 µM, Sigma) were also added.

These

compounds together with the -65 voltage clamp effectively isolated GABAR-mediated
currents.

To further facilitate detection of GABAR-mediated currents, the chloride

concentration of the internal solution was raised to 54 mM, thus driving chloride out of the
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cell upon GABAR opening resulting in downward-deflecting responses in a -65 mV voltage
clamp configuration. Miniature IPSCs (mIPSCs) were detected using a minimum amplitude
and area threshold of 7 pA and 10 pA respectively.

Evoked AMPAR-mediated transmission in the layer 4 to layer 2/3 pathway
Simultaneous recordings of adjacent L2/3 pyramidal neuron pairs (< 50 µm
intersomal distance) were performed where one neuron was GFP-negative, untransfected
(UT) and the other was GFP-positive, Cre-expressing. A 2-conductor cluster stimulating
electrode (FHC, Inc.) was positioned in layer 4 to stimulate afferents of the layer 4 to layer
2/3 (L4→L2/3) pathway (stimulation intensities ranged from 1-20uA). Biphasic pulses (200
µs, 1-10 µA) were applied to induce excitatory postsynaptic currents (EPSCs) in L2/3
neurons. To reduce the occurrence of polysynaptic responses, [Mg++] and [Ca++] were raised
to 4mM in the ACSF. In all our experiments, kainate receptors were probably not involved
based on their developmental profile and on the faster kinetics of the EPSCs observed
(Contractor et al 2011) (see Results).
CPP was added to the bath to isolate AMPAR-mediated transmission. To better
isolate the monosynaptic EPSCs, disynaptic inhibition was locally blocked by positioning a
perfusion pipette containing the GABAAR antagonist, bicuculline methiodide (BMI, 5 mM),
5-15 µm above the slice surface at the location of the recordings. The tip of the perfusion
pipette was 2-5 µm in diameter and 0.1-0.2 lbs/in² of positive pressure was applied using a
pressure gauge. This has been done in previous studies examining this same L4→L2/3
pathway (Bender et al 2006b). The efficacy of the blockade was assessed by the observation

73
of IPSCs while holding the cell at -45 mV and increasing stimulation intensity. IPSCs could
be easily observed as outward currents at -45 mV since the reversal for GABAAR-mediated
currents was in ~-70 mV in our recording conditions. I collected data when no IPSC was
observed at -45 mV with a stimulation intensity that was 1.5x the threshold intensity for
evoking EPSCs in both neurons – this generally resulted in responses where EPSCs were
observed >50% of stimulation trials in both neurons.

Inhibition was never completely

blocked, but this procedure dramatically improved isolation and measurement of
monosynaptic EPSCs. Four stimulation pulses with a 50 ms interval were applied for each
trial, and each trial was separated by 4 seconds. Only EPSCs collected at -45 mV holding
potential were analyzed in an effort to constantly monitor IPSC contamination. At this
potential, baseline current was very stable and individual EPSCs clearly resolved.

Evoked NMDAR-mediated EPSCs
Simultaneous recordings of L2/3 pyramidal neuron pairs were performed as described
above (see “Evoked AMPAR-mediated transmission in the layer 4 to layer 2/3 pathway“), but
with the following modifications:

1) no perfusion pipette was used, 2) CPP was not

included, and 3) the ACSF contained the AMPAR antagonist, DNQX (20 µM, Sigma), and
the GABAAR antagonist, picrotoxin (100 µM, Sigma). Single EPSCs were collected at +40
mV separated by 15 second intervals. For analysis, responses were filtered with a 15 point
box average (±1.4 ms window) – this had no detectable affect on EPSC amplitude on these
slower NMDAR-mediated responses. Tau decay values (Fig. 3.2B) were obtained by the
time between response peak and the first point at which the response was 1/e of peak.
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In similar set of experiments investigating NMDAR subunit composition, ifenprodil
(3 µM, Tocris) was washed into the bath after collecting a sweep of baseline NMDAREPSCs. Following a 20 minute wash-in period, a second sweep of NMDAR-EPSCs was
collected.

Results
MEF2C is the critical MEF2 subtype in promoting synaptic function in the L4L2/3pathway
The use of the Cre-GFP fusion protein facilitated identification of MEF2-deleted cells
during electrophysiological experiments. Previous work using the same deletion strategy has
demonstrated that Cre-GFP expression in cortical lysates from Cre-GFP-AAV injected mice
is associated with MEF2 truncation (Appendix B) and consequent transcriptional inactivation
(Arnold et al 2007).

To more precisely characterize how different subtypes of MEF2

influence synaptic function, I probed evoked transmission at one of the most wellcharacterized synapses in barrel cortex, the L4L2/3 synapse. While stimulating with an
extracellular electrical stimulation electrode, responses were simultaneously recorded from
Cre- (UT) and Cre-GFP expressing (Cre) cell pairs in mice from either the floxed Mef2C
(2Cflx/flx) or floxed Mef2A/D (2A/Dflx/flx) background (Fig. 3.1A). This technique has 2
strong advantages over between-slice comparisons by 1) eliminating the variability
introduced by factors such as slice angle and health, electrode placement, and column
preservation and, 2) allowing optimal stimulation intensities to be used that elicit sizeable
EPSCs while avoiding recruitment of polysynaptic activity. Additionally, a third pipet was
added near (within 20 µm) the recorded L2/3 cell pair that locally applied the GABAAR
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antagonist bicuculline to block GABAergic feedback inhibition and thereby isolate excitatory
transmission.
The MEF2A and MEF2D subtypes do not contribute to the development of this
synapse, as there was no effect of deletion of these 2 subtypes on EPSC amplitude or STP, a
measure of presynaptic function (Fig 3.1B, C). Conversely, deletion of the MEF2C gene
robustly reduces the strength of this input pathway. This regulation appears to be localized to
the postsynaptic structure, as EPSC amplitude was reduced by 54% whereas STP was
unaffected (Fig 3.1B, C). This subtype specific regulation of synaptic function is consistent
with the previously observation that MEF2C deletion increased the frequency of mEPSCs
events in the same cells, whereas deletion of MEF2A/D had no effect (data not shown).
However, I was surprised to find that deletion of MEF2C results in decreased synaptic input,
suggesting a role for MEF2C in promoting synaptic function. This finding is supported by
the observation that MEF2C-deleted cells have reduced synaptic input from nearly all of the
neocortical input pathways into L2/3, as demonstrated by synaptic input maps generated by
uncaging glutamate with laser-scanning photostimulation (Figure 3.1D, E). Taken together,
MEF2C is the critical MEF2 subtype in regulating synaptic function in L2/3 of barrel cortex,
where it plays a role in promoting synaptic function.

MEF2C deletion down-regulates NMDAR-mediated transmission and subunit composition
I next explored the possibility that the reduced input from L4 reflects more ‘silent’,
synapses, or synapses containing only NMDAR’s with no AMPAR’s, in MEF2C-KO cells,
which would be more consistent with a deficit in synapse maturation than a reduction in
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synapse number. To examine NMDAR-mediated synaptic responses, I pharmacologically
isolated NMDAR-mediated EPSCs by applying antagonists of AMPAR’s and GABAR’s
(DNQX and picrotoxin, respectively) and recorded responses to L4 electrical stimulation in
simultaneously recorded L2/3 WT and MEF2C-KO cell pairs. Similar to the weakened
AMPAR-mediated input, MEF2C-KO cells display a 59% reduction in NMDAR-EPSC
amplitudes compared to WT (Fig 3.2A; paired t-test, p < 0.0001). This suggests that the
reduced AMPA-mediated input observed in MEF2C-KO cells likely reflects a reduction in
synapse number as opposed to a selective deficit in AMPAR-mediated transmission.
Interestingly, I also observed changes in the kinetics of the NMDAR-mediated responses,
such that responses in MEF2C-KO cells have faster decay constants on average (Fig 3.2B;
266.2  9.878 ms vs 225.7  14.5 ms, WT vs KO; p < 0.01). In the normal development of
postsynaptic NMDARs in mouse barrel cortex, the subunit composition of the receptors
change at the end of the first postnatal week from slower-decaying, predominately NR2Bcontaining receptors to faster-decaying, NR2A-containing receptors (Gray et al 2011). To
determine if the faster kinetics observed in MEF2C-KO cells is indicative of a shift in the
subunit composition of the NMDARs, I conducted a similar set of experiments with the
addition of ifenprodil, an antagonist that specifically blocks NR2B-containing NMDARs.
Wash-in of ifenprodil reduced the NMDAR-EPSC amplitude in WT cells by ~25% (2-factor
ANOVA, significant effect of ifenprodil in WT by multiple comparison; p < 0.01), whereas
wash-in had no significant effect on MEF2C-KO cells (Fig 3.2C).

This supports the

conclusion that the faster kinetics observed in MEF2C-KO cells reflects a shift in subunit
composition such that MEF2C-KO cells have more NR2A containing receptors.

In
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summary, MEF2C deletion appears to result in a reduction of functional synapse number, as
the reduction in AMPAR-mediated transmission is accompanied by a similar reduction in
NMDAR-mediated transmission. Interestingly, MEF2C deletion may also alter some aspects
of synapse maturation, as NR2A contributes more to NMDAR function in MEF2C-KO cells,
although the consequence of this is unclear.

MEF2C reduces GABAergic transmission through a cell non-autonomous mechanism
Due to its implication in diseases involving network excitability, I considered the
possibility that MEF2C is also impacting inhibitory tone. Experiments conducted by Kacey
Rajkovich demonstrated that sparse-population deletion of MEF2C reveals no change in
mIPSC frequency or amplitude compared to UT cells, suggesting MEF2C does not
contribute to postsynaptic GABAR development (Fig 3.3B). However, although sparsepopulation deletion allows for a more precise examination of postsynaptic function that is
free of compensatory network effects, it is less relevant to the disease state and may be a less
effective strategy at probing retrograde regulation of presynaptic function. This type of
regulatory role can be described as both cell-autonomous, highlighting the direct action of the
cell being investigated, and second-order, pertaining to the necessary participation and
modulation of a presynaptic partner. Because of this second-order dimension, manipulating
just one cell may be insufficient to cause an observable change in the presynaptic cell, since
other nearby WT cells may be able to deliver the putative retrograde signal and thereby
compensate for the cell-autonomous perturbation. In this instance, manipulating a large
number of postsynaptic cells may be necessary to drive observable changes in synaptic
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function of the presynaptic cell. Furthermore, although probing evoked transmission at
specific synapses can address these potential functions of MEF2C, this approach overlooks
many other input pathways and cell types that may be differentially regulated.
To address this specific set of challenges, EMX1-Cre mice were crossed with
Mef2Cflx/flx mice to delete MEF2C in all excitatory cortical neurons (Gorski et al 2002) and
subsequently WT inhibitory inputs onto L2/3 excitatory neurons were examined.
Interestingly, MEF2C deletion results in an increase in both mIPSC frequency and amplitude
at 2 weeks of age (+39% freq; +16% amp; Fig. 3.3D) that becomes more drastic at 3 weeks
of age (+142% freq; +27% amp; Fig. 3.3D).
Taken together, these data suggest that MEF2C functions to regulate excitatory and
inhibitory transmission in opposite directions by influencing different synaptic mechanisms.
MEF2C promotes glutamatergic neurotransmission in a cell-autonomous manner that is
specifically postsynaptic, while also suppressing GABAergic transmission, possibly by
inhibiting presynaptic function through a retrograde mechanism.

MEF2C deletion occludes sensory deprivation induced weakening of the L4L2/3 synapse
Sensory experience is critically involved in shaping circuit formation and synaptic
function in all sensory cortices. In somatosensory cortex, depriving information by trimming
the whiskers on the facial pad results in reduced L4 input onto L2/3 neurons in corresponding
barrel columns (Bureau et al 2008). Considering that MEF2C transcriptional activity can be
induced by neural activity (Flavell et al 2008), I tested the possibility that sensory experience
strengthens synaptic input through a MEF2C-mediated mechanism. Again, EPSC’s were
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recorded in a simultaneously recorded WT and MEF2C-deleted cell pair of L2/3 in response
to extracellular stimulation in L4 with a stimulation electrode while BMI was locally applied
in L2/3. The contribution of sensory experience was tested by trimming all of the whiskers
on one side of the facial pad daily from ages p9-p18. L2/3 responses were recorded in both
hemispheres – one receiving normal sensory input (spared) and one receiving disrupted input
from the corresponding trimmed whisker pad (deprived). Surprisingly, MEF2C deletion
significantly weakened EPSC amplitudes recorded in both spared and deprived hemispheres
(Fig3.4B), although this reduction was smaller in pairs from the deprived hemisphere on
average (41% and 28% reduction in pairs from spared and deprived hemispheres,
respectively). This result challenged my hypothesis that deprivation regulates the strength of
this pathway through a MEF2C-dependent mechanism. However, due to the variability in
stimulation between experiments that is introduced by factors such as electrode placement,
depth, and impedance, the effect of deprivation on pathway strength could not be adequately
examined in either WT or MEF2C-deleted cells. To overcome this variability, a similar set
of experiments was conducted with one modification: instead of electrical stimulation with
an electrode, cell bodies were stimulated by uncaging glutamate specifically in L4 with a UV
laser. By setting a constant laser power for all experiments, this technique has the advantage
of a standard stimulation intensity that remains constant across experiments, allowing for
comparison of EPSC amplitudes both within and across experiments. Using this paradigm,
sensory deprivation induced a detectable reduction in the average EPSC amplitudes of WT
neurons. However, deprivation had no effect on the average EPSC amplitudes of MEF2Cdeleted cells. Furthermore, MEF2C-deleted cells displayed a reduction in EPSC amplitude
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compared to their paired WT cell in pairs from spared hemispheres, but not in pairs from
deprived hemispheres (Fig 3.4C, D). This suggests that MEF2C is the signal through which
sensory experience strengthens synaptic input. Therefore, when this signal is removed by
deprivation of sensory experience, the pathway is weakened. However, in MEF2C-deleted
cells, where the signal has already been removed, sensory deprivation has no effect.

Discussion
MEF2C is the critical MEF2 subtype that promotes excitatory synaptic function in neocortex
At the RNA level, MEF2C is the predominant MEF2 subtype expressed in the
neocortex (Lyons et al 2012b).

Consistent with this observation, MEF2C deletion

profoundly affects synaptic function in somatosensory cortex, whereas the contribution
MEF2A and MEF2D is insignificant. Interestingly, MEF2C seems to be promoting synaptic
function, as postsynaptic deletion results in a weakening of the L4L2/3 pathway. The
locus of this regulation appears to involve changes in the postsynaptic compartment as
presynaptic function is unaffected by deletion. Whether this decreased input involves a
reduction in synapse number, a weakening of individual synapses, or a combination of the
two remains unclear.

Additionally, as AMPAR-mediated and NMDAR-mediated

transmission were weakened to a similar degree in MEF2C-deleted cells (54% and 59%
reduction in AMPAR and NMDA EPSC amplitudes, respectively), a role in
silencing/unsilencing of synapses is unlikely.
A role for MEF2C in promoting synapse number has been previously demonstrated in
brain-wide deletion models. Here, deletion is associated with a reduction in synapse number
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in pyramidal cells of both hippocampus and neocortex (Li et al 2008). Conversely, granule
cells of dentate gyrus display an increase in structural and functional synapse number,
suggesting MEF2C is involved in suppressing synaptic function in these cells (Barbosa et al
2008). These bi-directionally effects likely highlight the variation in MEF2C function that is
dependent upon the molecular and epigenetic composition among different cell types.

NMDAR prevalence and subunit composition is altered in MEF2C-deleted cells
In addition to decreased EPSC amplitude in NMDAR-mediated response, changes in
kinetics were also observed, suggesting NMDAR subunit composition is regulated by
MEF2C. Importantly, AMPA-mediated currents were unaffected by deletion (width at halfheight for UT vs Cre = 6.802  0.992 vs 6.715  1.977, p = 0.865), eliminating the possibility
that the observed kinetic changes in NMDAR-EPSC are due to altered spatial distribution of
synapses along the dendritic arbor. The nature of this subunit change suggests that MEF2C
normally either suppresses NR2A expression or promotes NR2B expression, as the faster
kinetics and relative insensitivity to ifendprodil observed in the KO cells are consistent with a
subunit composition biased towards NR2A. While the consequence of this type of shift in
subunit composition on synaptic function is unclear, the developmental subunit switch is a
critical step in the synapse maturation process, and proper stoichiometry of NR2A and NR2B
is thought to be critical for the rules dictating plasticity induction (Liu et al 2004). Therefore,
determining if NR2B or any associated genes are transcriptional targets of MEF2C will be an
interesting avenue of research.

82
MEF2C down-regulates GABAergic transmission
When MEF2C is ablated in a sparse-population of neurons using AAV-mediated
deletion, mIPSCs are unaffected. Among other things, this indicates that MEF2C does not
directly regulate postsynaptic strength of inhibitory synapses onto pyramidal cells. While
this finding may also seem to suggest that postsynaptic MEF2C has no role in retrogradely
modulating presynaptic function, the possibility of a retrograde signal being compensated for
by neighboring WT cells cannot be eliminated. In consideration of this possibility, one
interesting target gene of MEF2 is BDNF (Flavell et al 2008), a gene whose transcriptional
regulation is most strongly associated with the MEF2C subtype (Lyons et al 2012b). BDNF
has been shown to transfer from postsynaptic to presynaptic compartments in an activity
dependent manner (Kohara et al 2001).

Furthermore, postsynaptic compartments of

hippocampal pyramidal cells release BDNF to weaken inhibitory transmission by
retrogradely suppressing presynaptic function of GABAergic terminals (Wardle & Poo
2003). Similarly, BDNF plays a critical role in heterosynaptic plasticity at the L4L2/3
synapse in visual cortex via retrograde activation of presynaptic TrkB receptors (Huang et al
2008).

Based on these converging lines of evidence, I propose a hypothetical model in

which neuronal activity drives MEF2C-mediated transcription of BDNF in the postsynaptic
cell, which travels retrogradely from the postsynaptic compartment to activate TrkB
receptors on presynaptic terminals of inhibitory neurons and consequently suppresses GABA
release from these terminals.

In MEF2C-deleted cells, this retrograde signal is absent,

resulting in a loss of this negative regulation of GABAergic transmission. In the AAVmediated sparse-population deletion model, this form of regulation is intact in the majority of

excitatory cells.
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The prevalence of this retrograde signal from the WT cells in this

circumstance may be able to compensate for the deficient signal in the KO cells, which
would explain why mIPSCs are unaltered in this model. However, in the case where MEF2C
is deleted in all excitatory cells, the retrograde signal is irrevocably lost and consequently
GABAergic transmission cannot be normally suppressed. Further experiments are needed to
validate this model (see Chapter 4).

MEF2C regulates synaptic function in response to sensory experience
The relationship between sensory experience and proper circuit formation has been
well-established.

Consistent with this notion, disrupting either MEF2C or sensory

experience reduces the strength of the L4L2/3 pathway, as demonstrated by the laserscanning photostimulation (LSPS) maps. These experiments also demonstrated that MEF2C
is necessary for sensory experience-mediated enhancement of this pathway, as deprivation in
both WT and MEF2C-deleted cells reduced pathway strength to the same level as MEF2Cdeleted cells in a spared context. This question could not be addressed using electrical
stimulation experiments, as pathway strength could not be compared between spared and
deprived contexts.
On the other hand, whether MEF2C can promote pathway strength through an
additional, sensory experience-independent mechanism remains unclear. Data obtained from
the LSPS maps suggests that MEF2C regulates pathway strength exclusively in response to
sensory experience, as MEF2C-deletion had no effect in a deprived context. Furthermore,
both sensory deprivation and MEF2C-deletion reduce pathway strength to the same degree
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compared to WT spared cells, consistent with these 2 manipulations functioning in a
mutually exclusive manner. However, using electrical stimulation to probe the L4L2/3
pathway revealed that MEF2C-deletion can reduce pathway strength even in the absence of
sensory experience, suggesting MEF2C also regulates pathway strength, at least in part,
through sensory experience-independent mechanisms. Taken together, these experiments
demonstrate a clear requirement for MEF2C activity in sensory experience-mediated
pathway strengthening.

However, whether MEF2C can function through additional

experience-independent mechanisms remains unclear.
These disparate findings may reflect subtle differences in the two techniques used.
The primary difference is the blockade of GABAergic transmission in experiments using
electrical stimulation.

Sensory deprivation has been linked with changes in inhibitory

circuitry in both visual and somatosensory cortex (Kuhlman et al 2013, Li et al 2009).
Although the consequence of these changes is unpredictable in the deprivation paradigm used
here, if sensory deprivation leads to a strengthening of inhibitory drive onto WT cells
preferentially, then blocking GABAergic transmission would be expected to enhance EPSC
amplitude in these cells, which is consistent with the technique-specific effects we observe.
Furthermore, potential deprivation-induced changes in the excitability of L4 neurons that
alters their firing properties may also introduce technique-specific effects. For instance, if
deprivation raises the threshold to fire an action potential, the trial-to-trial incidence of
eliciting a unitary connection might be expected to increase. This increased incidence would
be more prominent when using a constant stimulation intensity, as is done with UV uncaging
of glutamate, but could be circumvented in experiments using electrical stimulation where
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stimulation intensity is determined experimentally. Therefore, if MEF2C mediates its effects
on synaptic function by increasing the number of connections rather than the individual
strength of each connection, this difference might only be observed with an experimental
paradigm that strongly activates the input pathway (i.e. electrical stimulation).
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Figure 3.1. MEF2C is the critical MEF2 subtype in promoting synaptic input onto L2/3
neurons.

Figure 3.1. MEF2C is the critical MEF2 subtype in promoting synaptic input onto L2/3
neurons. EPSCs recorded in L2/3 neurons in response to extracellular stimulation. MEF2Cdeleted cells display decreased EPSC amplitude compared to a simultaneously recorded UT
cell in response to electrical stimulation in layer 4, whereas no change is observed in
MEF2A/D-deleted cells (B; example traces in A); scale bars in A are 20pA x 50ms (top) and
50pA x 50 ms (bottom). STP is unaffected by deletion of any subtype (C). Using UV-LSPS
of caged glutamate, response maps were constructed for L2/3 cell UT and Cre-expressing
cell pairs (D), demonstrating reduced input from several pathways onto Cre-expressing cells
(E). Electrical stimulation data collected by KL; LSPS (D, E) data collected by KR
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Figure 3.2. MEF2C deletion weakens NMDAR-mediated synaptic transmission at
L4L2/3 inputs and alters the kinetics and subunit composition of NMDAR EPSCs.

Figure 3.2. MEF2C deletion weakens NMDAR-mediated synaptic transmission at
L4L2/3 inputs and alters the kinetics and subunit composition of NMDAR EPSCs.
A. NMDAR-mediated EPSC amplitudes are decreased in L2/3 Cre-expressing cells
compared to untransfected (UT) cells in response to L4 stimulation (example trace on right,
top; scale bar = 50pA x 100ms). B. Decay time constants of NMDA-responses are faster in
Cre-expressing cells (scaled example trace to the right, bottom; scale bar = 50% x 100ms).
C. Ifenprodil sensitivity of UT (left) and Cre-expressing cells (right). The NMDA-mediated
response is reduced by ~25% after ifenprodil wash-in (gray bar; baseline=white bar) in UT
cells, whereas there is no significant effect of ifenprodil on NMDA currents in Creexpressing cells. (example traces to the right; scale bars are 50pA x 100ms and 20pA x
100ms for UT and Cre, respectively). All data from these experiments collected by KL.
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Figure 3.3. MEF2C regulates inhibition through a potentially retrograde mechanism

Figure 3.3 MEF2C regulates inhibition through a potentially retrograde mechanism.
mIPSCs in L2/3 pyramidal cells are unaffected (B1 & B2) by MEF2C deletion when deletion
is restricted to a sparse population of L2/3 neurons (example traces in A; scale bar is 10pA x
200ms). Conversely, mIPSC frequency (D1) and amplitude (D2) are increased when MEF2C
is deleted in all excitatory cortical cells (EMX1+/+) (example traces in C; scale bar is 10pA x
500ms).
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Figure 3.4. Sensory deprivation weakens the L4L2/3 pathway through a MEF2Cdependent mechanism

Figure 3.4. Sensory deprivation weakens the L4L2/3 pathway through a MEF2Cdependent mechanism. Experimental configuration (cartoon and DIC image) of electrical
stimulation of the L4L2/3 pathway (A) showing the stimulating electrode in L4 (horizontal
arrow), a pipet locally perfusing bicuculline (vertical arrow), and the simultaneously
recorded UT and Cre-expressing cell pair in L2/3. Electrical stimulation reveals a reduced
EPSC amplitude in MEF2C-KO (Cre+) cells in both spared and deprived hemispheres (B).
C, Spatial response maps constructed from LSPS experiments demonstrating that sensory
deprivation can only weaken pathway input in the presence of MEF2C; quantified in D.
Electrical stimulation data collected by KL; LSPS data collected by KR

CHAPTER FOUR
Discussion
CONCLUDING REMARKS AND RECOMMENDATIONS FOR FUTURE STUDIES

Summary of findings
Acute patterns of activity have been shown to recruit mGluR5 to suppress synaptic
function at a number of different synapses in various brain regions. Although some patterns
of acute activity can promote synaptic function in an mGluR5-dependent manner, the
mechanisms involved in these forms of synaptic strengthening are not a direct consequence
of mGluR5 function (i.e. metaplasticity). My work provides evidence that the cumulative,
long-term role of mGluR5 throughout the first 2-3 weeks of postnatal development is to
promote synaptic function in 2 of the major input pathways to L2/3 neurons of barrel cortex.
It is my contention that this result does not challenge the previously demonstrated roles of
mGluR5 in suppressing synaptic function, but rather suggests that there are likely some
currently unknown roles of mGluR5 that have yet to be identified. Consistent with this
notion, mGluR5 may regulate spontaneous and evoked transmission differently, implicating a
novel role for mGluR5 in regulating action potential-independent transmission.
My data also implicate MEF2C in promoting synaptic function in L2/3 neurons of
barrel cortex. This is consistent with a previously demonstrated role for MEF2C-sepcific
enhancement of synaptic function (Li et al 2008). These observations bear striking similarity
with the phenotypes observed with mGluR5 deletion, including the puzzling bidirectional
regulation of spontaneous and evoked transmission.
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This is consistent with previous
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observations that mGluR5 and MEF2C regulate synaptic function through common
mechanisms.

For instance, both mGluR5 and MEF2C suppress synaptic function in

hippocampus in an Arc-dependent manner (Waung et al 2008, Wilkerson et al 2014). Direct
evidence that these two proteins function through the same pathway to regulate synaptic
function was demonstrated by the observation that MEF2-induced synapse elimination is
blocked by genetically or pharmacologically silencing mGluR5 (Wilkerson et al 2014).
Moreover, MEF2C deletion has a more profound effect on synaptic function than mGluR5
deletion, likely reflecting the pervasive impact on many aspects of cell function expected
form a transcription factor influencing thousands of genes.

Postsynaptic mGluR5 promotes synaptic function at 2 major input pathways to L2/3
Based on previous studies, I initially hypothesized that mGluR5 would play a role as
a negative regulator of synaptic function, and thus mGluR5 deletion would result in enhanced
synaptic function. Therefore, I was surprised to find that deletion of postsynaptic mGluR5
consistently weakened evoked synaptic transmission in 2 prominent synaptic pathways.
While this may implicate a novel role for mGluR5 in directly promoting synaptic function, I
argue that this observation reflects the long-term outcome of the combination of previously
demonstrated roles for mGluR5.
As outlined in Chapter 1, mGluR5 suppresses synaptic function through a number of
mechanisms at both excitatory and inhibitory synapses. In the subsequent sections, I put
forth a number of scenarios in which different combinations of these established functions of
mGluR5 could result in the effects observed in my work, and what these scenarios might
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suggest about the overarching role of mGluR5 in coordinating circuit dynamics and shaping
receptive fields.

mGluR5 influences receptive field formation by regulating several forms of plasticity
Global deletion of mGluR5 results in a loss of barrel patterning in layer 4, indicative
of ill-defined receptive fields (Wijetunge et al 2008).

In line with this, the temporal

dynamics of L4 responses to primary and surround whisker deflection are altered in KO mice
compared to WT, further demonstrating altered receptive fields.
To interpret my findings in the context of a putative role for mGluR5 in shaping
receptive fields, I will briefly summarize 3 previously established mGluR5 functions that are
of relevance. First, mGluR5 is required for homosynaptic tLTD of excitatory transmission at
the L4L2/3 synapse in barrel cortex (Bender et al 2006b).

Second, presynaptically

expressed heterosynaptic-LTD of both inhibitory (hetero-iLTD) (Jiang et al 2010) and
excitatory (hetero-eLTD (Huang et al 2008) L2/3 transmission in response to HFS
stimulation of L4 in visual cortex requires postsynaptic mGluR5. This HFS also activates
homosynaptic NMDARs which release BDNF to retrogradely activate TrkB receptors and
effectively shield active and correlated presynaptic inputs from mGluR5-eCB-mediated LTD
in a synapse-specific manner, thus conforming to Hebbian rules. Although this type of
heterosynaptic plasticity has not been investigated at the L4L2/3 synapse in barrel cortex,
both of these synapses (i.e. L4L2/3 of both barrel and visual cortex) contain the implicated
molecular mechanisms (e.g. mGluR5-eCB-CB1R signaling pathway) and generally share
very similar circuitry. Third, in hippocampus, a mechanistically similar mGluR5-mediated
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heterosynaptic LTD of inhibitory inputs triggers a metaplastic state that lowers the threshold
for LTP induction, thereby facilitating synaptic strengthening (Chevaleyre & Castillo 2003).
Based on a combination of these plasticity mechanisms, I describe the following model in
which mGluR5 responds to two broadly defined patterns of input activity to modulate
pathway strength both directly and indirectly at individual L2/3 neurons. The physiological
correlate of these activity patterns, that is, the types of sensory information coded by these
specific firing rates, is unclear. However, I will assume that they represent fundamentally
different types of information and simply refer to them by their operationally defined
induction protocols, STDP and HFS.
STDP engages postsynaptic mGluR5 to weaken L4L2/3 excitatory, homosynaptic
connections.

In response to strong synaptic stimulation (HFS), mGluR5 weakens

heterosynaptic excitatory and inhibitory input.

Concurrent NMDA-dependent, mGluR5-

independent LTP is also elicited by HFS. Thus, HFS both induces LTP by engaging NMDAmediated LTP and facilitates LTP induction by lowering the threshold via mGluR5-mediated
disinhibition while simultaneously attenuating similar input to neighboring excitatory cells.
Thus, any postsynaptic cell receiving strong enough input to retrogradely activate TrkB
receptors (through postsynaptic NMDA-mediated release of BDNF) would not be subject to
heterosynaptic LTD, and would be strengthened in a given receptive field, while cells
receiving weak, uncorrelated input would be weakened and ultimately be excluded from a
receptive field. The culmination of both of these mGluR5-mediated effects (STDP and TBS)
would be to sharpen the receptive field by 1) weakening mistimed inputs (STDP), 2)
weakening weakly activated L2/3 cells (hetero-eLTD) and 3) promoting strongly activated
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L2/3 cells (hetero-iLTD). This model is supported by my data in a number of ways: 1) I see
an increase in inhibitory drive onto KO cells, 2) presynaptic release probability is enhanced
in KO cells while uEPSC amplitude is unaffected (consistent with mGluR5 activation
retrogradely attenuating release probability), and 3) pathway strength is stronger in WT cells
relative to KO cells, consistent with WT cells maintaining the capacity for hetero-eLTD
while KO cells are incapable of ‘tuning down’ their neighboring (WT) cells.
L2/3 neurons respond to whisker stimulation with a relatively low firing rate
compared to L4 neurons. It has been suggested that this sparse-coding of L2/3 neurons
reflects a large number of sharply tuned receptive fields that each code a unique aspect of
whisker deflection (e.g. deflection intensity, deflection direction, object location vs. texture
discrimination) (Petersen & Crochet 2013).

While aspects of this information must be

encoded to L4 responses to some degree, the sparse-cell coding of L2/3 likely allows for
sharpening response acuity and associative learning (Gdalyahu et al 2012). To implicate
mGluR5 in receptive field dynamics, an experiment directly probing specific aspects of
sensory inputs is required. To this end, I propose an experiment combining in vivo calcium
imaging of whisker responses with the sparse-population deletion model I have employed
throughout my project.

This experiment would require creating a cranial window and

delivering a calcium sensitive dye to the appropriate barrel column to image calcium signals
in response to sensory deflection (Gdalyahu et al 2012). Whiskers would then be deflected
under varying parameters (i.e. increasing intensities and varying directions) and response
strength and frequency would be compared between WT and mGluR5-KO (identified by
GFP expression) cells in the corresponding column in vivo. If the above hypothesis is
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correct, I would expect that mGluR5-KO cells would respond to more types of sensory input
compared to their WT counterparts, reflecting the inability of KO cells to eliminate
inappropriate inputs. Furthermore, I would expect the strength of each response to be
reduced in KO cells compared to WT cells, indicative of KO cells being incapable of
suppressing inhibitory inputs (via hetero-iLTD) and therefore unable to induce the form of
metaplasticity which facilities LTP. These findings would indicate that the various forms of
mGluR5-mediated synaptic regulation culminate to contribute to the sparse-coding of L2/3
by shaping cellular receptive fields that are both fine-tuned and high fidelity.

Differential effects of mGluR5 deletion on spontaneous and evoked transmission
The finding that mGluR5 deletion results in both an increase in mEPSC frequency
and a decrease in evoked EPSC amplitude was surprising. Unfortunately, little is known
regarding the extent to which mEPSCs represent synapses mediating evoked vs spontaneous
transmission, which in itself highlights the lack of understanding of a broader inquiry of
distinguishing the differences between these 2 forms of neurotransmission (Chung &
Kavalali 2006, Ramirez & Kavalali 2011). For instance, it is not known if mGluR5 can be
differentially targeted by spontaneous and evoked transmission, or conversely whether
mGluR5 can signal to differentially modify these modes of transmission. Nevertheless, I will
outline 3 broad possibilities to explain these interesting findings.
One possibility is that postsynaptic mGluR5 directly regulates spontaneous and
evoked transmission differently. Unfortunately, there is no direct evidence to argue for or
against a role for mGluR5 in directly regulating spontaneous release of neurotransmitter.
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However, any postsynaptically generated signal with the capability of modulating
spontaneous release would have to act retrogradely. Indeed, mGluR5 regulates evoked
release by retrogradely signaling through eCBs and CB1Rs to diminish presynaptic release in
response to multiple patterns of input activity (Chevaleyre & Castillo 2003, Feldman 2012).
CB1Rs are expressed predominately on the presynaptic terminal and are also GPCRs coupled
to a number of signaling pathways (Turu & Hunyady 2010), leaving open the possibility that
activation of these receptors could impact presynaptic function in a number of discrete ways.
Therefore, it is possible that mGluR5 bidirectionally affects both spontaneous and evoked
release of neurotransmitter through a CB1R-dependnet mechanism. If this is the case, then a
similar sparse-population deletion of CB1R might be expected to result in similar phenotypes
that I observed with sparse-population deletion of mGluR5.
Another possibility is that mGluR5 has a direct role on synaptic function in response
to evoked neurotransmission specifically. In this case, the reduced evoked input observed in
mGluR5-deleted cells would be a direct consequence of mGluR5 ablation, and the increase in
mEPSC frequency is merely a homeostatic, non-Hebbian response of the cell that is
mGluR5-independnet. This type of homeostatic plasticity has been previously demonstrated,
where treating cortical cell cultures with TTX for 2 days to suppress network activity leads to
increased amplitudes of both mEPSCs and evoked responses. Furthermore, this plasticity is
bidirectional, as ‘down-scaling’ of synaptic strength occurs when network culture activity is
enhanced with bicuculline (Turrigiano et al 1998). Little is known about the induction of
homeostatic plasticity, although there are at least some examples of homeostatic mechanisms
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that are distinct from Hebbian plasticity induction mechanisms (Hu et al 2010, Turrigiano &
Nelson 2004).
A third possibility is that mGluR5 has a direct role in both Hebbian plasticity and
homeostatic plasticity. (One could argue that the converse of this situation is also possible,
in which mGluR5 has a direct role in regulating spontaneous transmission and the effects I
observed when probing evoked transmission were simply a homeostatic response, but
considering the previously established roles for mGluR5 in regulating evoked transmission I
consider this to be unlikely.) This possibility is supported by the observation that mGluR5
mediates homeostatic down-scaling of mEPSC amplitudes in response to pharmacological
enhancement of network activity in hippocampal cultures (Zhong et al 2012).

Furthermore,

in a similar homeostatic plasticity paradigm, regulation of group 1 mGluRs by the immediate
early gene (IEG) Homer1a was demonstrated to be critical for mGluRs to scale down
synaptic strength (Hu et al 2010). In this study, bicuculline treatment elevated Homer1a
expression and reduced both synaptic strength and surface expression of AMPAR subunits,
consistent with a down-scaling of synapses. Interestingly, this downscaling was absent with
either Homer1a deletion or application of inverse agonists, but not neutral antagonists, of
group 1 mGluRs. Taken together, these data suggest that high levels of neural activity can
induce Homer1a which binds to group 1 mGluRs, evoking agonist-independent signaling that
results in AMPAR endocytosis and consequent homeostatic reduction of synaptic strength.
Furthermore, reduction in surface AMPAR subunits was associated with phosphorylation of
these subunits but was independent of Arc, providing 2 potential mechanisms by which
group 1 mGluRs can distinctly regulate synapse-specific vs. cell-wide synaptic strength.
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Such a distinct, homeostatic role for mGluR5 may explain my observations that mGluR5
deletion differentially affects mEPSCs and evoked pathway strength. To test this, one could
design an experiment to manipulate Homer-mGluR5 interactions in a similar, cellautonomous

manner

as

I have

done

with

mGluR5

through

sparse-population

deletion/knockdown of Homer1a or replacement of mGluR5 with the mGluR5F/R mutant
which cannot bind to long forms of Homer. If this interaction does indeed represent a
distinct mechanism by which mGluR5 mediates homeostatic but not Hebbian plasticity, then
I would expect for such a manipulation to result in an increased mEPSC frequency with no
change in evoked pathway strength.

mGluR5 directly and bidirectionally regulates both synaptic strength and intrinsic
excitability
Based on previous reports demonstrating that mGluR5 regulates both intrinsic
excitability and synaptic function on acute timescales, I believe that my observations further
demonstrate direct roles for mGluR5 on these 2 cellular functions. Interestingly, mGluR5
seems to regulate intrinsic and synaptic excitability in opposite directions, suppressing the
former and promoting the latter. This may suggest that mGluR5 serves as a balancing
mechanism to ensure that the cell maintains some standard level of action potential firing.
This could allow for a scenario in which enhancement of synaptic input is offset by
suppressed intrinsic excitability to prevent excessive action potential firing while experiencedependent circuit modification is occurring.
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However, due to the long time-scale of mGluR5 deletion used in my thesis project, it
is difficult to disentangle mGluR5-dependent effects from homeostatic, mGluR5-independnet
effects. For instance, mGluR5 may have a direct action solely on suppressing intrinsic
excitability. Therefore, intrinsic excitability is increased in mGluR5-deleted cells, which
triggers a homeostatic reduction in synaptic input, preventing the cell from firing action
potentials at an increased level that would metabolically exhaust it.

An experiment to

determine if the reduced synaptic inputs I observed reflect a direct action of mGluR5 on
synaptic function would be to test the capacity of mGluR5-deleted cells to engage in tLTD, a
form of plasticity which has previously been shown to require acute activation of mGluR5.
If mGluR5 has a direct and acute role on synaptic function that is involved in this form of
plasticity, I would expect to be able to induce tLTD in WT cells but not mGluR5-KO cells.
However, if mGluR5 exclusively regulates intrinsic excitability, this form of plasticity would
still be intact in KO cells. Furthermore, by voltage clamping cells throughout the course of
an experiment to a similar degree, any differences in excitability between WT and KO cells
would not influence the cells ability to undergo tLTD. Additionally, observing that tLTD
cannot be induced in mGluR5-KO cells would confirm that long-term manipulation of
mGluR5 (i.e. deletion early in development) does not result in compensation for this function
of mGluR5 by mGluR1, or any other mechanism, that would influence the interpretation of
my findings.

Postsynaptic MEF2C promotes synaptic function at the L4L2/3 synapse
MEF2C regulates multiple aspects of NMDAR-mediated transmission
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Consistent with MEF2C promoting synaptic function, I observed a decreased
NMDAR-mediated EPSC amplitude in MEF2C-deleted cells. However, I was surprised to
find that subunit composition of NMDARs was also altered such that KO cells had a larger
contribution from NR2A than WT cells. This observation is inconsistent with KO cells
having delayed or absent synapse maturation, as deficit in maturation would be reflected by a
larger contribution of NR2B, not NR2A. Therefore, I believe that rather than MEF2C
playing a role in one of the critical developmental steps required for this subunit switch,
MEF2C is instead directly promoting transcription of NR2B or a gene associated with its
trafficking and/or integration into NMDARs. To test this possibility, I propose conducting
single cell RT-PCR of WT and MEF2C-deleted cells and probing for these mRNA
transcripts. If MEF2C is indeed regulating one or several of these candidate transcripts, I
would expect to see decreased, or potentially increased, mRNA levels in MEF2C-deleted
cells.

MEF2C mediates sensory experience-dependent strengthening of synapses
As described in Chapter 3, technical differences may be able to account for the
disparate findings regarding the dependency of MEF2C on sensory experience to regulate
synaptic function. One potentially critical difference that can be addressed experimentally is
the pharmacological blockade of inhibition used in the electrical stimulation experiments but
not the LSPS experiments.

If deprivation-induced increase in inhibition is driving the

difference in experimental effects as suggested earlier, then leaving inhibition intact may
reveal no effect of deletion in deprived slices in response to electrical stimulation.
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Conversely, locally applying bicuculline in the LSPS experiments may dramatically enhance
WT response amplitudes and reveal a difference between WT and KO cells in deprived
slices.
Another experiment that would further establish a link between MEF2C and sensory
experience is to drive sensory experience by persistently deflecting single whiskers. One
advantage to this paradigm is that compensatory network effects can be minimized by using a
more precise and local manipulation as compared to the broad perturbation caused by
removing every whisker on one side of the facial pad.

Furthermore, by conducting these

experiments in mice that express a reporter of neural activity, such as Arc-GFP or Fos-GFP,
the cortical column corresponding to the manipulated whisker(s) can easily be identified
during the experiment. The expectation would be that WT cells in columns corresponding to
deflected whiskers would display enhanced pathway input compared to WT cells columns
corresponding to whiskers receiving normal sensory experience. Conversely, if sensory
experience requires MEF2C, I would expect that enhanced sensory experience would have
no effect on MEF2C-deleted cells.

MEF2C regulation of inhibition
As outlined in Chapter 3, the discrepancy between the effect of global-deletion and
sparse-population deletion of MEF2C on mIPSC frequency may implicate a role for MEF2C
in retrogradely influencing GABAergic terminals. In this section, I will lay out a series of
possible experiments to test this assertion.
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As previously mentioned, the absence of any effect on mIPSC in the sparsepopulation deletion model may be due to the large number of WT neurons capable of
supplying the necessary retrograde signal that is deficient in KO cells in a cell nonautonomous way. I argue that this effect can therefore be detected by deleting MEF2C in all
excitatory neurons since there aren’t any WT cells available to provide the signal. Important
to this explanation is the consideration of the spatial component of retrograde signaling.
Postsynaptic compartments of active glutamatergic synapses can only diffuse a retrograde
signal to neighboring synapses.

Therefore, in order for the retrograde signal to be

supplemented in a KO cell, the inhibitory to excitatory (I-E) synapse onto this cell must be
near an E-E synapse between to WT cells. In the sparse-population deletion model, where
the majority of the cells are WT, the probability of this occurrence is high. Therefore, one
way to experimentally bolster this argument would be to use a deletion strategy that is in
between sparse-population and global deletion. One such strategy would be to use a similar
technique to transfect MEF2C in a sparse-population of neurons in EMX1-Cre x Mef2Cflx/flx
mice. Under this paradigm, a retrograde signal would only be provided by a small number of
MEF2C expressing pyramidal cells, thereby reducing the occurrence of postsynaptic KO I-E
synapses being in proximity of WT E-E synapses and allowing detection of deficiency of this
mechanism in KO cells. A similar experiment could be conducted to express MEF2-VP16, a
constitutively active form of MEF2, in a WT background using a similar sparse-population
transfection strategy. Under my hypothesis, this would result in MEF2-VP16 expressing
neurons displaying a reduced mIPSC frequency compared to WT neurons.
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Another experiment to probe how postsynaptic MEF2C regulates inhibitory inputs
would be to test unitary I-E connections, where the presynaptic inhibitory cell is always WT
and the postsynaptic excitatory cell is either WT or MEF2C-KO. This paradigm would allow
for a probing of different aspects of synaptic transmission, including connection frequency,
unitary strength, and short-term plasticity. A caveat to this approach is that MEF2C may
specifically regulate certain classes of inhibitory cells, of which L2/3 contains a
heterogeneous population. One approach to circumventing this problem would be to illicit
heterosynaptic iLTD by stimulating L4 with protocol similar to that used in visual cortex
(Jiang et al 2010) and assaying whether this type of plasticity can be induced in MEF2Cdeleted cells. This form of plasticity has not been investigated in barrel cortex and must
therefore be demonstrated in this context in order for this experiment to be conducted.
However, in the event that such a form of plasticity does exist in this pathway, not only could
the effect of deletion on regulating inhibitory inputs be probed, but downstream molecular
mechanisms could also be investigated. For instance, if MEF2C-deleted cells are indeed
incapable of inducing iLTD, then one could attempt to rescue the deficiency by applying
BDNF during the plasticity induction, thereby assessing the aforementioned possibility that
BDNF is the retrograde signal generated by MEF2C.

Concluding remarks
My data represent a critical first step in understanding the cumulative roles of these 2
proteins, mGluR5 and MEF2C, on synapse regulation and circuit development on a cell-

104
autonomous level. This, in turn, will guide investigations into the direct synaptic functions
these proteins have on a more acute timescale.

Furthermore, consideration of how

dysfunction of these proteins impacts disease states requires the understanding of their longterm roles in physiological contexts. My findings regarding mGluR5 function strongly
highlight the importance of this type of approach.

Previous studies have provided

overwhelming evidence that mGluR5 has a direct role as a negative regulator of synaptic
function. However, my data shows mGluR5 deletion weakens evoked synaptic input, which
is inconsistent with its previous notions of how mGluR5 regulates synapses. I do not believe
this challenges previous work, but rather suggests that there are currently undefined
mechanisms by which mGluR5 can acutely regulate synaptic function, and that the net effect
of integrating all of these functions results in an outcome that is more complex than a simple
summation of all its acute functions. Similarly, my findings that deleting MEF2C during
postnatal development results in a net decrease in synaptic input will guide future studies
aimed at investigating acute mechanisms by which this protein regulates synaptic function.
My findings that both mGluR5 and MEF2C are positive regulators of synaptic
function in L2/3 neurons also support the notion that these two proteins regulate synapses
through common mechanisms.

Interestingly, dysfunction of both of these proteins is

attributed to synapse and circuit deficiencies in many of the diseases they are implicated in.
Therefore, advancing the understanding of what molecular mechanisms these proteins work
through to impact synaptic function may lead us to common therapeutic targets, thereby
providing more reliable treatments for disease.
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APPENDIX A
Appendix 1. mGluR5 plays a more critical in the 1st 2 weeks of postnatal development.

Appendix 1. Using AAV-Cre-GFP mediated deletion of Grm5, delaying mGluR5 ablation
to approximately p9 (see Chapter 2 Discussion), results in no change of mEPSC frequency or
amplitude (A). Neither AMPAR-mediated (B) or NMDAR-mediated (C) evoked
transmission was affected in L2/3 neurons of barrel cortex at either 2 or 3 weeks. Virus
pseudotypes for these experiments are as follows: 2 and 3 wk mEPSCs = AAV2.1 & 2.9; 2
wk evoked = AAV2.1; 3 wk evoked = AAV2.1 & 2.9.
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APPENDIX B
Appendix B. Truncation of MEF2 proteins using AAV-Cre-GFP mediated gene
excision

Appendix B. Excision of exon 2 by introducing an AAV expressing Cre-GFP at p1 in
floxed MEF2 mice results in a truncated protein (MEF2A and (MEF2D), which is
associated with transcriptional inactivation (see Chapter 3 Results). The lack of truncated
protein product in striatum reflects the cortex specific expression of Cre-GFP associated with
this method of AAV delivery. Data collected by KR

BIBLIOGRAPHY
Adesnik H, Li G, During MJ, Pleasure SJ, Nicoll RA. 2008. NMDA receptors inhibit
synapse unsilencing during brain development. Proc Natl Acad Sci U S A 105:
5597-602
Adesnik H, Scanziani M. 2010. Lateral competition for cortical space by layer-specific
horizontal circuits. Nature 464: 1155-60
Akhtar MW, Kim MS, Adachi M, Morris MJ, Qi X, et al. 2012. In Vivo Analysis of
MEF2 Transcription Factors in Synapse Regulation and Neuronal Survival. PLoS
One 7: e34863
Ango F, Prezeau L, Muller T, Tu JC, Xiao B, et al. 2001. Agonist-independent activation
of metabotropic glutamate receptors by the intracellular protein Homer. Nature
411: 962-5
Anwyl R. 1999. Metabotropic glutamate receptors: electrophysiological properties and
role in plasticity. Brain research. Brain research reviews 29: 83-120
Anwyl R. 2009. Metabotropic glutamate receptor-dependent long-term potentiation.
Neuropharmacology 56: 735-40
Arnold MA, Kim Y, Czubryt MP, Phan D, McAnally J, et al. 2007. MEF2C transcription
factor controls chondrocyte hypertrophy and bone development. Developmental
cell 12: 377-89
Aronoff R, Matyas F, Mateo C, Ciron C, Schneider B, Petersen CC. 2010. Long-range
connectivity of mouse primary somatosensory barrel cortex. Eur J Neurosci 31:
2221-33
Avermann M, Tomm C, Mateo C, Gerstner W, Petersen CC. 2012. Microcircuits of
excitatory and inhibitory neurons in layer 2/3 of mouse barrel cortex. J
Neurophysiol 107: 3116-34
Bagni C, Greenough WT. 2005. From mRNP trafficking to spine dysmorphogenesis: the
roots of fragile X syndrome. Nat Rev Neurosci 6: 376-87
Ballester-Rosado CJ, Albright MJ, Wu CS, Liao CC, Zhu J, et al. 2010. mGluR5 in
cortical excitatory neurons exerts both cell-autonomous and -nonautonomous
influences on cortical somatosensory circuit formation. J Neurosci 30: 16896-909
Barbosa AC, Kim MS, Ertunc M, Adachi M, Nelson ED, et al. 2008. MEF2C, a
transcription factor that facilitates learning and memory by negative regulation of
synapse numbers and function. Proceedings of the National Academy of Sciences
105: 9391
Bear MF, Huber KM, Warren ST. 2004. The mGluR theory of fragile X mental
retardation. Trends Neurosci 27: 370-7
Beenhakker MP, Huguenard JR. 2009. Neurons that fire together also conspire together:
is normal sleep circuitry hijacked to generate epilepsy? Neuron 62: 612-32
Bender KJ, Allen CB, Bender VA, Feldman DE. 2006a. Synaptic basis for whisker
deprivation-induced synaptic depression in rat somatosensory cortex. J Neurosci
26: 4155-65

108

109
Bender VA, Bender KJ, Brasier DJ, Feldman DE. 2006b. Two coincidence detectors for
spike timing-dependent plasticity in somatosensory cortex. J Neurosci 26: 416677
Beneyto M, Lewis DA. 2011. Insights into the neurodevelopmental origin of
schizophrenia from postmortem studies of prefrontal cortical circuitry.
International journal of developmental neuroscience : the official journal of the
International Society for Developmental Neuroscience 29: 295-304
Bikbaev A, Neyman S, Ngomba RT, Conn PJ, Nicoletti F, Manahan-Vaughan D. 2008.
MGluR5 mediates the interaction between late-LTP, network activity, and
learning. PloS one 3: e2155
Blue ME, Parnavelas JG. 1983. The formation and maturation of synapses in the visual
cortex of the rat. II. Quantitative analysis. Journal of neurocytology 12: 697-712
Brecht M, Sakmann B. 2002. Whisker maps of neuronal subclasses of the rat ventral
posterior medial thalamus, identified by whole-cell voltage recording and
morphological reconstruction. J Physiol 538: 495-515
Bureau I, Shepherd GM, Svoboda K. 2004. Precise development of functional and
anatomical columns in the neocortex. Neuron 42: 789-801
Bureau I, Shepherd GM, Svoboda K. 2008. Circuit and plasticity defects in the
developing somatosensory cortex of FMR1 knock-out mice. J Neurosci 28: 517888
Carlier E, Sourdet V, Boudkkazi S, Deglise P, Ankri N, et al. 2006. Metabotropic
glutamate receptor subtype 1 regulates sodium currents in rat neocortical
pyramidal neurons. J Physiol 577: 141-54
Castillo PE, Younts TJ, Chavez AE, Hashimotodani Y. 2012. Endocannabinoid signaling
and synaptic function. Neuron 76: 70-81
Celikel T, Szostak VA, Feldman DE. 2004. Modulation of spike timing by sensory
deprivation during induction of cortical map plasticity. Nat Neurosci 7: 534-41
Chen C, Regehr WG. 2000. Developmental remodeling of the retinogeniculate synapse.
Neuron 28: 955-66
Chen CC, Lu HC, Brumberg JC. 2012. mGluR5 knockout mice display increased
dendritic spine densities. Neurosci Lett 524: 65-8
Chevaleyre V, Castillo PE. 2003. Heterosynaptic LTD of hippocampal GABAergic
synapses: a novel role of endocannabinoids in regulating excitability. Neuron 38:
461-72
Chklovskii DB, Mel BW, Svoboda K. 2004. Cortical rewiring and information storage.
Nature 431: 782-8
Chung C, Kavalali ET. 2006. Seeking a function for spontaneous neurotransmission. Nat
Neurosci 9: 989-90
Clem RL, Celikel T, Barth AL. 2008. Ongoing in vivo experience triggers synaptic
metaplasticity in the neocortex. Science 319: 101-4
Cohen AS, Abraham WC. 1996. Facilitation of long-term potentiation by prior activation
of metabotropic glutamate receptors. J Neurophysiol 76: 953-62

110
Cole CJ, Mercaldo V, Restivo L, Yiu AP, Sekeres MJ, et al. 2012. MEF2 negatively
regulates learning-induced structural plasticity and memory formation. Nat
Neurosci 15: 1255-64
Constantinople CM, Bruno RM. 2011. Effects and mechanisms of wakefulness on local
cortical networks. Neuron 69: 1061-8
Contractor A, Mulle C, Swanson GT. 2011. Kainate receptors coming of age: milestones
of two decades of research. Trends Neurosci 34: 154-63
Cozzoli DK, Goulding SP, Zhang PW, Xiao B, Hu JH, et al. 2009. Binge drinking
upregulates accumbens mGluR5-Homer2-PI3K signaling: functional implications
for alcoholism. J Neurosci 29: 8655-68
Cubelos B, Sebastian-Serrano A, Beccari L, Calcagnotto ME, Cisneros E, et al. 2010.
Cux1 and Cux2 regulate dendritic branching, spine morphology, and synapses of
the upper layer neurons of the cortex. Neuron 66: 523-35
D'Antoni S, Spatuzza M, Bonaccorso CM, Musumeci SA, Ciranna L, et al. 2014.
Dysregulation of group-I metabotropic glutamate (mGlu) receptor mediated
signalling in disorders associated with Intellectual Disability and Autism.
Neuroscience and biobehavioral reviews
Deisseroth K. 2014. Circuit dynamics of adaptive and maladaptive behaviour. Nature
505: 309-17
Dinstein I, Heeger DJ, Lorenzi L, Minshew NJ, Malach R, Behrmann M. 2012.
Unreliable evoked responses in autism. Neuron 75: 981-91
Dolen G, Osterweil E, Rao BS, Smith GB, Auerbach BD, et al. 2007. Correction of
fragile X syndrome in mice. Neuron 56: 955-62
Dudek SM, Bear MF. 1989. A biochemical correlate of the critical period for synaptic
modification in the visual cortex. Science 246: 673-5.
Faber DS, Korn H. 1991. Applicability of the coefficient of variation method for
analyzing synaptic plasticity. Biophys. J. 60: 1288-94
Feldman DE. 2000. Timing-based LTP and LTD at vertical inputs to layer II/III
pyramidal cells in rat barrel cortex. Neuron 27: 45-56
Feldman DE. 2012. The spike-timing dependence of plasticity. Neuron 75: 556-71
Feldmeyer D, Brecht M, Helmchen F, Petersen CC, Poulet JF, et al. 2013. Barrel cortex
function. Progress in neurobiology 103: 3-27
Feldmeyer D, Lubke J, Sakmann B. 2006. Efficacy and connectivity of intracolumnar
pairs of layer 2/3 pyramidal cells in the barrel cortex of juvenile rats. J Physiol
575: 583-602
Feldmeyer D, Lubke J, Silver RA, Sakmann B. 2002. Synaptic connections between layer
4 spiny neurone-layer 2/3 pyramidal cell pairs in juvenile rat barrel cortex:
physiology and anatomy of interlaminar signalling within a cortical column. J
Physiol 538: 803-22
Ferraguti F, Shigemoto R. 2006. Metabotropic glutamate receptors. Cell and tissue
research 326: 483-504
Flavell SW, Cowan CW, Kim TK, Greer PL, Lin Y, et al. 2006. Activity-dependent
regulation of MEF2 transcription factors suppresses excitatory synapse number.
Science 311: 1008-12

111
Flavell SW, Kim TK, Gray JM, Harmin DA, Hemberg M, et al. 2008. Genome-wide
analysis of MEF2 transcriptional program reveals synaptic target genes and
neuronal activity-dependent polyadenylation site selection. Neuron 60: 1022-38
Gallagher SM, Daly CA, Bear MF, Huber KM. 2004. Extracellular signal-regulated
protein kinase activation is required for metabotropic glutamate receptordependent long-term depression in hippocampal area CA1. J Neurosci 24: 485964
Gdalyahu A, Tring E, Polack PO, Gruver R, Golshani P, et al. 2012. Associative fear
learning enhances sparse network coding in primary sensory cortex. Neuron 75:
121-32
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: 2615-26
Gladding CM, Fitzjohn SM, Molnar E. 2009. Metabotropic glutamate receptor-mediated
long-term depression: molecular mechanisms. Pharmacological reviews 61: 395412
Goldberg EM, Coulter DA. 2013. Mechanisms of epileptogenesis: a convergence on
neural circuit dysfunction. Nat Rev Neurosci 14: 337-49
Gorski JA, Talley T, Qiu M, Puelles L, Rubenstein JL, Jones KR. 2002. Cortical
excitatory neurons and glia, but not GABAergic neurons, are produced in the
Emx1-expressing lineage. J Neurosci 22: 6309-14
Graves AR, Moore SJ, Bloss EB, Mensh BD, Kath WL, Spruston N. 2012. Hippocampal
pyramidal neurons comprise two distinct cell types that are countermodulated by
metabotropic receptors. Neuron 76: 776-89
Gray JA, Shi Y, Usui H, During MJ, Sakimura K, Nicoll RA. 2011. Distinct modes of
AMPA receptor suppression at developing synapses by GluN2A and GluN2B:
single-cell NMDA receptor subunit deletion in vivo. Neuron 71: 1085-101
Hanson JE, Madison DV. 2007. Presynaptic FMR1 genotype influences the degree of
synaptic connectivity in a mosaic mouse model of fragile X syndrome. J Neurosci
27: 4014-8
Harris KM, Kater SB. 1994. Dendritic spines: cellular specializations imparting both
stability and flexibility to synaptic function. Annual review of neuroscience 17:
341-71
Hays SA, Huber KM, Gibson JR. 2011. Altered Neocortical Rhythmic Activity States in
Fmr1 KO Mice Are Due to Enhanced mGluR5 Signaling and Involve Changes in
Excitatory Circuitry. The Journal of Neuroscience 31: 14223-34
Ho A, Morishita W, Atasoy D, Liu X, Tabuchi K, et al. 2006. Genetic analysis of
Mint/X11 proteins: essential presynaptic functions of a neuronal adaptor protein
family. J Neurosci 26: 13089-101
Holtmaat A, Svoboda K. 2009. Experience-dependent structural synaptic plasticity in the
mammalian brain. Nat Rev Neurosci 10: 647-58
Holtmaat AJ, Trachtenberg JT, Wilbrecht L, Shepherd GM, Zhang X, et al. 2005.
Transient and persistent dendritic spines in the neocortex in vivo. Neuron 45: 27991

112
Hou L, Antion MD, Hu D, Spencer CM, Paylor R, Klann E. 2006. Dynamic translational
and proteasomal regulation of fragile X mental retardation protein controls
mGluR-dependent long-term depression. Neuron 51: 441-54
Hou L, Klann E. 2004. Activation of the phosphoinositide 3-kinase-Akt-mammalian
target of rapamycin signaling pathway is required for metabotropic glutamate
receptor-dependent long-term depression. J Neurosci 24: 6352-61
Hu JH, Park JM, Park S, Xiao B, Dehoff MH, et al. 2010. Homeostatic scaling requires
group I mGluR activation mediated by Homer1a. Neuron 68: 1128-42
Huang Y, Yasuda H, Sarihi A, Tsumoto T. 2008. Roles of endocannabinoids in
heterosynaptic long-term depression of excitatory synaptic transmission in visual
cortex of young mice. J Neurosci 28: 7074-83
Hubel DH, Wiesel TN. 1959. Receptive fields of single neurones in the cat's striate
cortex. J Physiol 148: 574-91
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: 774650
Huber KM, Roder JC, Bear MF. 2001. Chemical induction of mGluR5- and protein
synthesis--dependent long-term depression in hippocampal area CA1. J
Neurophysiol 86: 321-5
Ireland DR, Abraham WC. 2002. Group I mGluRs increase excitability of hippocampal
CA1 pyramidal neurons by a PLC-independent mechanism. J Neurophysiol 88:
107-16
Itami C, Kimura F. 2012. Developmental switch in spike timing-dependent plasticity at
layers 4-2/3 in the rodent barrel cortex. J Neurosci 32: 15000-11
Jakkamsetti V, Tsai NP, Gross C, Molinaro G, Collins KA, et al. 2013. Experienceinduced Arc/Arg3.1 primes CA1 pyramidal neurons for metabotropic glutamate
receptor-dependent long-term synaptic depression. Neuron 80: 72-9
Jia WW, Liu Y, Cynader M. 1995. Postnatal development of inositol 1,4,5-trisphosphate
receptors: a disparity with protein kinase C. Brain Res Dev Brain Res 85: 109-18
Jiang B, Huang S, de Pasquale R, Millman D, Song L, et al. 2010. The maturation of
GABAergic transmission in visual cortex requires endocannabinoid-mediated
LTD of inhibitory inputs during a critical period. Neuron 66: 248-59
Johnston D, Christie BR, Frick A, Gray R, Hoffman DA, et al. 2003. Active dendrites,
potassium channels and synaptic plasticity. Philos Trans R Soc Lond B Biol Sci
358: 667-74
Kalmbach BE, Chitwood RA, Dembrow NC, Johnston D. 2013. Dendritic generation of
mGluR-mediated slow afterdepolarization in layer 5 neurons of prefrontal cortex.
J Neurosci 33: 13518-32
Katz LC, Shatz CJ. 1996. Synaptic activity and the construction of cortical circuits.
Science 274: 1133-8
Kim Y, Phan D, van Rooij E, Wang DZ, McAnally J, et al. 2008. The MEF2D
transcription factor mediates stress-dependent cardiac remodeling in mice. The
Journal of clinical investigation 118: 124-32

113
Kohara K, Kitamura A, Morishima M, Tsumoto T. 2001. Activity-dependent transfer of
brain-derived neurotrophic factor to postsynaptic neurons. Science 291: 2419-23
Kohr G, Jensen V, Koester HJ, Mihaljevic AL, Utvik JK, et al. 2003. Intracellular
domains of NMDA receptor subtypes are determinants for long-term potentiation
induction. J Neurosci 23: 10791-9
Kuhlman SJ, Olivas ND, Tring E, Ikrar T, Xu X, Trachtenberg JT. 2013. A disinhibitory
microcircuit initiates critical-period plasticity in the visual cortex. Nature 501:
543-6
Le Be JV, Markram H. 2006. Spontaneous and evoked synaptic rewiring in the neonatal
neocortex. Proc Natl Acad Sci U S A 103: 13214-9
Le Meur N, Holder-Espinasse M, Jaillard S, Goldenberg A, Joriot S, et al. 2010. MEF2C
haploinsufficiency caused by either microdeletion of the 5q14. 3 region or
mutation is responsible for severe mental retardation with stereotypic movements,
epilepsy and/or cerebral malformations. Journal of medical genetics 47: 22-29
Lecourtier L, Homayoun H, Tamagnan G, Moghaddam B. 2007. Positive allosteric
modulation of metabotropic glutamate 5 (mGlu5) receptors reverses N-Methyl-Daspartate antagonist-induced alteration of neuronal firing in prefrontal cortex.
Biological psychiatry 62: 739-46
Lee SH, Dan Y. 2012. Neuromodulation of brain states. Neuron 76: 209-22
Lefort S, Tomm C, Floyd Sarria JC, Petersen CC. 2009. The excitatory neuronal network
of the C2 barrel column in mouse primary somatosensory cortex. Neuron 61: 30116
Li H, Radford JC, Ragusa MJ, Shea KL, McKercher SR, et al. 2008. Transcription factor
MEF2C influences neural stem/progenitor cell differentiation and maturation in
vivo. Proceedings of the National Academy of Sciences 105: 9397
Li P, Rudolph U, Huntsman MM. 2009. Long-term sensory deprivation selectively
rearranges functional inhibitory circuits in mouse barrel cortex. Proc Natl Acad
Sci U S A 106: 12156-61
Liu L, Wong TP, Pozza MF, Lingenhoehl K, Wang Y, et al. 2004. Role of NMDA
receptor subtypes in governing the direction of hippocampal synaptic plasticity.
Science 304: 1021-4
Lopez-Bendito G, Shigemoto R, Fairen A, Lujan R. 2002. Differential distribution of
group I metabotropic glutamate receptors during rat cortical development. Cereb
Cortex 12: 625-38
Lu YM, Jia Z, Janus C, Henderson JT, Gerlai R, et al. 1997. Mice lacking metabotropic
glutamate receptor 5 show impaired learning and reduced CA1 long-term
potentiation (LTP) but normal CA3 LTP. J Neurosci 17: 5196-205
Lubke J, Feldmeyer D. 2007. Excitatory signal flow and connectivity in a cortical
column: focus on barrel cortex. Brain structure & function 212: 3-17
Lujan R, Nusser Z, Roberts JD, Shigemoto R, Somogyi P. 1996. Perisynaptic location of
metabotropic glutamate receptors mGluR1 and mGluR5 on dendrites and
dendritic spines in the rat hippocampus. Eur J Neurosci 8: 1488-500
Luscher C, Huber KM. 2010. Group 1 mGluR-dependent synaptic long-term depression:
mechanisms and implications for circuitry and disease. Neuron 65: 445-59

114
Lyons G, Micales B, Schwarz J, Martin J, Olson E. 1995. Expression of mef2 genes in
the mouse central nervous system suggests a role in neuronal maturation. The
Journal of neuroscience 15: 5727-38
Lyons MR, Schwarz CM, West AE. 2012a. Members of the myocyte enhancer factor 2
transcription factor family differentially regulate Bdnf transcription in response to
neuronal depolarization. J Neurosci 32: 12780-5
Lyons MR, Schwarz CM, West AE. 2012b. Members of the Myocyte Enhancer Factor 2
Transcription Factor Family Differentially Regulate Bdnf Transcription in
Response to Neuronal Depolarization. The Journal of neuroscience 32: 12780-85
Manahan-Vaughan D, Braunewell KH. 2005. The metabotropic glutamate receptor,
mGluR5, is a key determinant of good and bad spatial learning performance and
hippocampal synaptic plasticity. Cereb Cortex 15: 1703-13
Mao Z, Bonni A, Xia F, Nadal-Vicens M, Greenberg ME. 1999. Neuronal activitydependent cell survival mediated by transcription factor MEF2. Science 286: 785
Markram H, Lubke J, Frotscher M, Roth A, Sakmann B. 1997. Physiology and anatomy
of synaptic connections between thick tufted pyramidal neurones in the
developing rat neocortex. J Physiol 500 ( Pt 2): 409-40
Matta Jose A, Ashby Michael C, Sanz-Clemente A, Roche Katherine W, Isaac John TR.
2011. mGluR5 and NMDA Receptors Drive the Experience- and ActivityDependent NMDA Receptor NR2B to NR2A Subunit Switch. Neuron 70: 339-51
McCormick DA, Connors BW, Lighthall JW, Prince DA. 1985. Comparative
electrophysiology of pyramidal and sparsely spiny stellate neurons of the
neocortex. J Neurophysiol 54: 782-806
McKinsey TA, Zhang CL, Olson EN. 2002. MEF2: a calcium-dependent regulator of cell
division, differentiation and death. Trends in biochemical sciences 27: 40-47
Micheva KD, Beaulieu C. 1997. Development and plasticity of the inhibitory neocortical
circuitry with an emphasis on the rodent barrel field cortex: a review. Can J
Physiol Pharmacol 75: 470-8
Monyer H, Burnashev N, Laurie DJ, Sakmann B, Seeburg PH. 1994. Developmental and
regional expression in the rat brain and functional properties of four NMDA
receptors. Neuron 12: 529-40
Mountcastle VB. 1957. Modality and topographic properties of single neurons of cat's
somatic sensory cortex. J Neurophysiol 20: 408-34
Munoz A, Liu XB, Jones EG. 1999. Development of metabotropic glutamate receptors
from trigeminal nuclei to barrel cortex in postnatal mouse. J Comp Neurol 409:
549-66
Narayanan U, Nalavadi V, Nakamoto M, Pallas DC, Ceman S, et al. 2007. FMRP
phosphorylation reveals an immediate-early signaling pathway triggered by group
I mGluR and mediated by PP2A. J Neurosci 27: 14349-57
Naya FJ, Black BL, Wu H, Bassel-Duby R, Richardson JA, et al. 2002. Mitochondrial
deficiency and cardiac sudden death in mice lacking the MEF2A transcription
factor. Nature medicine 8: 1303-9
Nevian T, Sakmann B. 2006. Spine Ca2+ signaling in spike-timing-dependent plasticity.
J Neurosci 26: 11001-13

115
Neyman S, Manahan-Vaughan D. 2008. Metabotropic glutamate receptor 1 (mGluR1)
and 5 (mGluR5) regulate late phases of LTP and LTD in the hippocampal CA1
region in vitro. Eur J Neurosci 27: 1345-52
Ngomba RT, Santolini I, Salt TE, Ferraguti F, Battaglia G, et al. 2011. Metabotropic
glutamate receptors in the thalamocortical network: strategic targets for the
treatment of absence epilepsy. Epilepsia 52: 1211-22
Nickols HH, Conn PJ. 2014. Development of allosteric modulators of GPCRs for
treatment of CNS disorders. Neurobiology of disease 61: 55-71
Niere F, Wilkerson JR, Huber KM. 2012. Evidence for a fragile X mental retardation
protein-mediated translational switch in metabotropic glutamate receptortriggered Arc translation and long-term depression. J Neurosci 32: 5924-36
Niswender CM, Conn PJ. 2010. Metabotropic Glutamate Receptors: Physiology,
Pharmacology, and Disease. Annual Review of Pharmacology and Toxicology 50:
295-322
Novara F, Beri S, Giorda R, Ortibus E, Nageshappa S, et al. 2010. Refining the
phenotype associated with MEF2C haploinsufficiency. Clin Genet 78: 471-7
Oh WC, Hill TC, Zito K. 2013. Synapse-specific and size-dependent mechanisms of
spine structural plasticity accompanying synaptic weakening. Proc Natl Acad Sci
U S A 110: E305-12
Park S, Park JM, Kim S, Kim JA, Shepherd JD, et al. 2008. Elongation factor 2 and
fragile X mental retardation protein control the dynamic translation of Arc/Arg3.1
essential for mGluR-LTD. Neuron 59: 70-83
Patel AB, Loerwald KW, Huber KM, Gibson JR. 2014. Postsynaptic FMRP promotes the
pruning of cell-to-cell connections among pyramidal neurons in the L5A
neocortical network. J Neurosci 34: 3413-8
Petersen CC. 2007. The functional organization of the barrel cortex. Neuron 56: 339-55
Petersen CC, Crochet S. 2013. Synaptic computation and sensory processing in
neocortical layer 2/3. Neuron 78: 28-48
Pfeiffer BE, Zang T, Wilkerson JR, Taniguchi M, Maksimova MA, et al. 2010. Fragile X
Mental Retardation Protein Is Required for Synapse Elimination by the ActivityDependent Transcription Factor MEF2. Neuron 66: 191-97
Pomierny-Chamiolo L, Rup K, Pomierny B, Niedzielska E, Kalivas PW, Filip M. 2014.
Metabotropic glutamatergic receptors and their ligands in drug addiction.
Pharmacology & therapeutics 142: 281-305
Potthoff MJ, Olson EN. 2007. MEF2: a central regulator of diverse developmental
programs. Development 134: 4131-40
Pulipparacharuvil S, Renthal W, Hale CF, Taniguchi M, Xiao G, et al. 2008. Cocaine
regulates MEF2 to control synaptic and behavioral plasticity. Neuron 59: 621-33
Quinlan EM, Philpot BD, Huganir RL, Bear MF. 1999. Rapid, experience-dependent
expression of synaptic NMDA receptors in visual cortex in vivo. Nat Neurosci 2:
352-7
Ramirez DM, Kavalali ET. 2011. Differential regulation of spontaneous and evoked
neurotransmitter release at central synapses. Curr Opin Neurobiol 21: 275-82

116
Rodriguez-Moreno A, Paulsen O. 2008. Spike timing-dependent long-term depression
requires presynaptic NMDA receptors. Nat Neurosci 11: 744-5
Ronesi JA, Collins KA, Hays SA, Tsai NP, Guo W, et al. 2012. Disrupted Homer
scaffolds mediate abnormal mGluR5 function in a mouse model of fragile X
syndrome. Nat Neurosci 15: 431-40, S1
Saito T. 2006. In vivo electroporation in the embryonic mouse central nervous system.
Nat Protoc 1: 1552-8
Scheyer AF, Wolf ME, Tseng KY. 2014. A protein synthesis-dependent mechanism
sustains calcium-permeable AMPA receptor transmission in nucleus accumbens
synapses during withdrawal from cocaine self-administration. J Neurosci 34:
3095-100
Sepulveda-Orengo MT, Lopez AV, Soler-Cedeno O, Porter JT. 2013. Fear extinction
induces mGluR5-mediated synaptic and intrinsic plasticity in infralimbic neurons.
J Neurosci 33: 7184-93
She WC, Quairiaux C, Albright MJ, Wang YC, Sanchez DE, et al. 2009. Roles of
mGluR5 in synaptic function and plasticity of the mouse thalamocortical
pathway. Eur J Neurosci 29: 1379-96
Sheng M, Cummings J, Roldan LA, Jan YN, Jan LY. 1994. Changing subunit
composition of heteromeric NMDA receptors during development of rat cortex.
Nature 368: 144-7
Shinoda Y, Kamikubo Y, Egashira Y, Tominaga-Yoshino K, Ogura A. 2005. Repetition
of mGluR-dependent LTD causes slowly developing persistent reduction in
synaptic strength accompanied by synapse elimination. Brain Res 1042: 99-107
Shiraishi-Yamaguchi Y, Furuichi T. 2007. The Homer family proteins. Genome biology
8: 206
Sourdet V, Russier M, Daoudal G, Ankri N, Debanne D. 2003a. Long-term enhancement
of neuronal excitability and temporal fidelity mediated by metabotropic glutamate
receptor subtype 5. J Neurosci 23: 10238-48
Sourdet V, Russier M, Daoudal G, Ankri N, Debanne D. 2003b. Long-Term
Enhancement of Neuronal Excitability and Temporal Fidelity Mediated by
Metabotropic Glutamate Receptor Subtype 5. The Journal of Neuroscience 23:
10238-48
Sutton MA, Schuman EM. 2009. Partitioning the synaptic landscape: distinct
microdomains for spontaneous and spike-triggered neurotransmission. Science
signaling 2: pe19
Tsai N-P, Wilkerson JR, Guo W, Maksimova MA, DeMartino GN, et al. 2012. Multiple
Autism-Linked Genes Mediate Synapse Elimination via Proteasomal Degradation
of a Synaptic Scaffold PSD-95. Cell 151: 1581-94
Tsanov M, Manahan-Vaughan D. 2009. Synaptic plasticity in the adult visual cortex is
regulated by the metabotropic glutamate receptor, mGluR5. Experimental brain
research 199: 391-9
Turrigiano GG, Leslie KR, Desai NS, Rutherford LC, Nelson SB. 1998. Activitydependent scaling of quantal amplitude in neocortical neurons. Nature 391: 892-6

117
Turrigiano GG, Nelson SB. 2004. Homeostatic plasticity in the developing nervous
system. Nat Rev Neurosci 5: 97-107
Turu G, Hunyady L. 2010. Signal transduction of the CB1 cannabinoid receptor. Journal
of molecular endocrinology 44: 75-85
Vetere G, Restivo L, Cole CJ, Ross PJ, Ammassari-Teule M, et al. 2011. Spine growth in
the anterior cingulate cortex is necessary for the consolidation of contextual fear
memory. Proceedings of the National Academy of Sciences 108: 8456
Volk LJ, Daly CA, Huber KM. 2006. Differential roles for group 1 mGluR subtypes in
induction and expression of chemically induced hippocampal long-term
depression. J Neurophysiol 95: 2427-38
Wang XF, Daw NW. 2003. Long term potentiation varies with layer in rat visual cortex.
Brain Res 989: 26-34
Wardle RA, Poo MM. 2003. Brain-derived neurotrophic factor modulation of
GABAergic synapses by postsynaptic regulation of chloride transport. J Neurosci
23: 8722-32
Waung MW, Pfeiffer BE, Nosyreva ED, Ronesi JA, Huber KM. 2008. Rapid translation
of Arc/Arg3.1 selectively mediates mGluR-dependent LTD through persistent
increases in AMPAR endocytosis rate. Neuron 59: 84-97
Wen JA, Barth AL. 2011. Input-Specific Critical Periods for Experience-Dependent
Plasticity in Layer 2/3 Pyramidal Neurons. The Journal of Neuroscience 31:
4456-65
Wijetunge LS, Till SM, Gillingwater TH, Ingham CA, Kind PC. 2008. mGluR5 regulates
glutamate-dependent development of the mouse somatosensory cortex. J Neurosci
28: 13028-37
Wilkerson JR, Tsai NP, Maksimova MA, Wu H, Cabalo NP, et al. 2014. A role for
dendritic mGluR5-mediated local translation of Arc/Arg3.1 in MEF2-dependent
synapse elimination. Cell reports 7: 1589-600
Williams K, Russell SL, Shen YM, Molinoff PB. 1993. Developmental switch in the
expression of NMDA receptors occurs in vivo and in vitro. Neuron 10: 267-78
Wu W, de Folter S, Shen X, Zhang W, Tao S. 2011. Vertebrate paralogous MEF2 genes:
origin, conservation, and evolution. PLoS One 6: e17334
Xu J, Zhu Y, Contractor A, Heinemann SF. 2009. mGluR5 Has a Critical Role in
Inhibitory Learning. The Journal of Neuroscience 29: 3676-84
Xu J, Zhu Y, Kraniotis S, He Q, Marshall JJ, et al. 2013. Potentiating mGluR5 function
with a positive allosteric modulator enhances adaptive learning. Learn Mem 20:
438-45
Xu NJ, Sun S, Gibson JR, Henkemeyer M. 2011. A dual shaping mechanism for
postsynaptic ephrin-B3 as a receptor that sculpts dendrites and synapses. Nat
Neurosci 14: 1421-9
Yasuda H, Huang Y, Tsumoto T. 2008. Regulation of excitability and plasticity by
endocannabinoids and PKA in developing hippocampus. Proc Natl Acad Sci U S
A 105: 3106-11
Yin S, Niswender CM. 2014. Progress toward advanced understanding of metabotropic
glutamate receptors: structure, signaling and therapeutic indications. Cell Signal

118
Zang T, Maksimova MA, Cowan CW, Bassel-Duby R, Olson EN, Huber KM. 2013.
Postsynaptic FMRP bidirectionally regulates excitatory synapses as a function of
developmental age and MEF2 activity. Molecular and cellular neurosciences 56:
39-49
Zhong X, Li H, Chang Q. 2012. MeCP2 phosphorylation is required for modulating
synaptic scaling through mGluR5. J Neurosci 32: 12841-7
Zhu JJ, Connors BW. 1999. Intrinsic firing patterns and whisker-evoked synaptic
responses of neurons in the rat barrel cortex. J Neurophysiol 81: 1171-83
Zilberter M, Holmgren C, Shemer I, Silberberg G, Grillner S, et al. 2009. Input
specificity and dependence of spike timing-dependent plasticity on preceding
postsynaptic activity at unitary connections between neocortical layer 2/3
pyramidal cells. Cereb Cortex 19: 2308-20
Zuo Y, Lin A, Chang P, Gan WB. 2005a. Development of long-term dendritic spine
stability in diverse regions of cerebral cortex. Neuron 46: 181-9
Zuo Y, Yang G, Kwon E, Gan WB. 2005b. Long-term sensory deprivation prevents
dendritic spine loss in primary somatosensory cortex. Nature 436: 261-5
Zweier M, Gregor A, Zweier C, Engels H, Sticht H, et al. 2010. Mutations in MEF2C
from the 5q14. 3q15 microdeletion syndrome region are a frequent cause of
severe mental retardation and diminish MECP2 and CDKL5 expression. Human
mutation 31: 722-33

