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Abstract 
The striatum is a key brain region for learning and producing movement. Little is 

known about the molecular mechanisms in the early postnatal period that regulate how 

medium spiny neurons (MSNs), the predominant cell type in this region, mature. Using 

electrophysiology in acute brain slices in combination with pharmacological and genetic 

manipulations of the metabotropic glutamate receptor, mGluR5, I present evidence that 

mGluR5 may regulate synapse unsilencing. This developmental effect of mGluR5 

signaling appears to be modulated by other processes, which I was unable to fully 

elucidate. However, activation of mGluR5 signaling later in postnatal development is 

sufficient to reduce excitatory glutamatergic transmission. These data indicate that 

mGluR5 has important roles in regulating striatal transmission that may be differentially 

regulated over development. 
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1. Introduction  
The capacity to move is of fundamental importance to the human experience. For 

example, movement of our eyes allows us to see clearly and track objects, movement of 

our limbs gets us from one place to another, and movement of our vocal chords, tongue 

and mouth allows us to communicate. Ultimately, all of these movements originate as 

electrical impulses from neurons in our brains. The basal ganglia are a set of brain 

regions with a key role in learning and producing movements, and the striatum is the 

key input region of the basal ganglia [3]. Anatomical and functional studies suggest the 

ventral striatum is more involved in Pavlovian responses, while the dorsal striatum 

mediates instrumental responses (with the dorsolateral striatum mediating habitual 

behavior and the dorsomedial striatum mediating goal-directed actions) [4]. The two 

major output projections of the striatum, the direct and indirect pathways, play a critical 

role in selecting situation-appropriate movements and suppressing unwanted ones [5].   

1.1 The basal ganglia 

1.1.1 Striatal circuitry and cell types 

A simplified model of how the basal ganglia can promote or prevent movement 

is presented in Figure 1. There are two major streams of information flow, the direct and 

indirect pathway. In the direct pathway, input from the cortex goes through striatonigral 

medium spiny neurons (MSNs) in the striatum, which project to the globus pallidus pars 

interna (GPi) and substantia nigra pars reticulata (SNr). At baseline, GPi and SNr 
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tonically inhibit the thalamus. The direct pathway MSNs, which primarily signal using 

the inhibitory neurotransmitter gamma-aminobutyric acid (GABA), inhibit GPi and SNr, 

relieving GPi and SNr inhibition of the thalamus, allowing excitatory output from the 

thalamus to drive movements. Conversely, the indirect pathway inhibits movement. In 

the indirect pathway, cortical input goes through the striatopallidal MSNs, which have 

inhibitory projections to the globus pallidus pars externa (GPe). The GPe at baseline 

inhibits the subthalamic nucleus (STN). The STN, when activated, activates the GPi and 

SNr, which as discussed above, inhibit the thalamus. Thus, the double-negative of 

inhibition of GPe inhibition of STN allows activation of STN by the indirect pathway, 

inhibiting movement by promoting inhibition of the thalamus by GPi and SNr [5].   
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Figure 1: A Simplified Model of the Basal Ganglia  

The direct (left) and indirect (right) pathways have opposing effects on the 
output nuclei, GPi and SNr. Yellow arrows represent excitatory connections, black bars 
represent inhibitory connections. See text for further details. (GPe, globus pallidus pars 
externus; STN, subthalamic nucleus; GPi, globus pallidus pars internus; SNr, substantia 
nigra pars reticulata) 

In addition to having different anatomical projections, the direct and indirect 

pathway MSNs have differential enrichment of several different biochemical markers. 

One marker commonly used to differentiate MSNs is dopamine receptor subtype. 

Striatonigral MSNs predominantly express the D1 dopamine receptor while 

striatopallidal MSNs predominantly express the D2 dopamine receptor (herein referred 

to as "D1 MSNs" and "D2 MSNs") [6]. Bacterial-artificial-chromosome (BAC) transgenic 
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lines with fluorescent reporter proteins driven by Drd1a- (D1 receptor promoter) [1], [7] 

and Drd2a- (D2 receptor promoter) [7] have allowed electrophysiologists to perform cell-

type specific MSN recordings at much higher throughput than previously possible. 

These studies have revealed differences between D1 and D2 MSNs [8]–[11]. However, 

only one study [12] has examined striatal MSNs in a cell-type specific manner earlier 

than postnatal day 14 (p14).  

The differential expression of dopamine receptors allows for differential 

modulation of the two pathways by dopamine. Canonically, D1 receptors activate Gαs/olf, 

increasing cyclic adenosine monophosphate (cAMP), while D2 receptors activate Gαi, 

reducing cAMP. Thus, D1 MSNs increase their activity in response to phasic dopamine 

release, while D2 MSN activity is reduced. However, recent studies demonstrate that 

dopamine signaling can be much more complex. Dopamine receptors can activate β-

arrestins, signal through non-canonical Gα subunits, complex with other receptors, and 

transactivate receptor tyrosine kinases, etc. [13]. Thus, the actions of dopamine at striatal 

synapses may possibly be affected not only by cell type, but also by the biochemical 

partner(s) available, recent biochemical history, or stage of synaptic development.  

In addition to the dopaminergic modulation that the basal ganglia receives from 

the substania nigra pars compacta (SNc, dorsal striatum) and ventral tegmental area 

(VTA, ventral striatum), the basal ganglia has some of the highest central nervous 

system (CNS) levels of the neuromodulator acetylcholine (ACh) [14]. The primary 
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source of striatal ACh is large cholinergic interneurons, which only make up ~5% of 

striatal neurons, but whose dendritic arborization is extensive. [15], [16]. Their tonic 

activity [17] provides neuromodulation to essentially all neurons in the striatum, via 

both nicotinic (ligand-gated ion channels) and muscarinic (G-protein coupled) ACh 

receptors, recently reviewed in [18].  

Of note, there is a rich interplay between dopaminergic and cholinergic signaling 

in the striatum. For example, acute nicotinic receptor activation on dopaminergic nerve 

terminals enhances dopamine release while chronic nicotinic receptor activation can 

lead to receptor desensitization and reduced striatal dopamine levels [18]. The 

functional role of nicotinic acetylcholine receptors on dopaminergic terminals can serve 

to dynamically filter dopaminergic input. Nicotinic receptor activation acts as a low pass 

filter, enhancing dopamine release due to single action potentials but reducing 

dopamine release by a burst of action potentials. Conversely, nicotinic receptor 

antagonists (or receptor desensitization) can act as a high pass filter, reducing dopamine 

release by single action potentials but enhancing dopamine release to a burst firing [19]. 

A complete understanding of cholinergic modulation of striatal microcircuits has been 

hampered by the diversity of cholinergic receptor expression [20] as well as by the lack 

of truly-subtype specific pharmacological agents, although the development of newer 

pharmacological agents is aiding our understanding [21]. However, as with mGluR5 

(discussed in Section 1.2.1), there is evidence that localization of muscarinic receptors 
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can affect the pathways to which they couple – for example, M5 muscarinic receptor 

activation in the striatum can reduce dopamine release while activation in the SNc can 

enhance dopaminergic cell firing [22]. Dopaminergic modulation of cholinergic 

signaling is similarly complicated with different labs reporting either enhancement or 

reduction of cholinergic interneuron activity with dopaminergic stimulation. 

Cholinergic interneurons express both D1-type (D1 and D5) and D2 receptors, which 

couple oppositely to cAMP signaling [18], [20], thus the pathways activated by different 

experimental paradigms could explain some of the complexity of the literature. A better 

appreciation of the temporal dynamics of these and other striatal neuromodulators, 

interacting with afferents to the basal ganglia, with MSNs, and with less-studied 

GABAergic interneurons [23], will undoubtedly advance our understanding of striatal 

function in health and disease. However, while the circuitry of the mature striatum is 

being studied by many labs, there has been relatively little recent investigation into how 

this striatal circuitry correctly wires itself during development.  

1.1.2 Striatal development 

The striatum develops largely from the lateral ganglionic eminence, starting 

around E12.5 and continuing through approximately E20 in the rodent brain, although 

some interneurons (such as cholinergic interneurons) arise from the medial ganglionic 

eminence. [24]. In the mouse, dopaminergic and glutamatergic innervation arrives 

around E13 [25], and E16.5 [26] respectively. The release of brain derived neurotrophic 
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factor (BDNF) from these afferents [27] has important and well-established roles for 

striatal neuron maturation and survival in development as well as in adulthood (some 

examples include [28]–[31]). Interestingly, although both D1 and D2 MSNs express the 

BDNF receptor and the neurotrophin-3 receptor (TrkB and TrkC respectively) [32] D2 

MSNs express more mRNA for tyrosine kinase B (TrkB), the BDNF receptor, than D1 

MSNs [33], and conditional deletion of TrkB from striatal progenitor cells (using Dlx5/6 

Cre, which begins expression around E12.5) results in a greater loss of D2 than D1 MSNs 

[34]. In turn, D1 MSNs survival appears to be more reliant upon neurotrophin-3 

activation of tyrosine kinase C (TrkC) receptors [35]. Thus, differences in the regulation 

of D1 and D2 MSNs are present even during embryonic development.   

Functionally and structurally, the early postnatal period is a time of rapid 

maturation. MSN membrane resistance drops dramatically over the course of 

development, resting membrane potential increases, firing frequency increases, and 

inward rectification increases, [11], [26], [36], likely due to rapid changes in ion channels 

expressed and the rapidly developing dendritic arbor [36], [37].  Immature MSNs appear 

to be connected via gap junctions; biocytin filling of an individually patched neuron 

often labels neighboring neurons and the prevalence of this coupling drops over the 

course of early postnatal development [26], [36], [38]. Immature MSNs also exhibit 

calcium plateaus and transiently (around p6 in mice) exhibit a significant amount of 

NR2C/D mediated corticostriatal transmission [26], as well as a relative peak in 
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expression of the GluN3B NMDA receptor (NMDAR) subunit around p8 [39]. 

Structurally, in addition to expanding their dendritic arbors, MSNs begin developing 

spines around p9 [36], [40]. The formation of symmetric (putative inhibitory) synapses 

preceeds the formation of asymmetric (putative excitatory) synapses, and the number of 

symmetric synapses do not increase greatly after the first week of life in rats [36], [41]. 

However, peak spinogenesis occurs from p14-p18, followed by a reduction in the 

number of spines. This period of spinogenesis and pruning also correlates with a 

reduction of striatal polysialic-acid-neural-cell-adhesion molecule PSA-NCAM, which 

peaks around p7 in rats and has been suggested to play an important, transient role in 

striatal spinogenesis [41], [42]. 

As seen in other parts of the nervous system [43], striatal development can 

reciprocally regulate afferent development. For example, elimination of the critical 

transcription factor Ctip2, which regulates MSN differentiation, produces marked 

abnormalities in dopaminergic innervation of the striatum [44]. Additionally, selective 

elimination of D1 MSN output reduces excitatory synapse number in both D1 and D2 

MSNs, while elimination of D2 MSN activity increases excitatory synapse number in 

both D1 and D2 MSNs, presumably due to circuit effects on cortico-thalamo-striatal 

loops [45]. In support of circuit-level regulation of striatal development, reducing 

cortical activity via a chemogenetic approach [45] or increasing cortical activity 
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optogenetically [12] respectively decreased or increased the number of functional MSN 

synapses.  

Dopamine levels may promote early maturation of the direct pathway both by 

recurrent circuit effects [12], as well as by intrinsic molecular effects. Long-term 

overexpression of D2Rs reduces complexity and length of dendritic arbors in vivo via 

downregulation of inwardly rectifying potassium channels [46], while D1R signaling can 

promote neurite outgrowth in cultured MSNs [47], [48].  Downstream of D1R and A2A 

adenosine receptors, PKA activation can enhance synaptogenesis [12]. However, 

aberrant overactivation of PKA signaling in MSNs can result in aberrant spines that are 

small/thin but contain a relatively high density of AMPA receptors (AMPARs) [49], 

highlighting the importance temporal and spatial precision in synaptogenesis.  

1.2 The metabotropic glutamate receptor mGluR5 

Metabotropic glutamate receptors (mGluRs) are family C G-protein coupled 

receptors (GPCRs) nicely reviewed in [50]. Structurally, they contain seven 

transmembrane domains, a large extracellular ligand binding domain, and a C-terminal 

tail rich in binding sites for various partners that can regulate signaling and subcellular 

localization. Dimerization is required for family C GPCR signaling, and there is a lot of 

interest in heterodimers, which can have unique signaling compared to homodimers, 

allowing for more targeted drug development [51].  There are three major families of 

mGluRs – Group I, Group II and Group III. Canonically, Group I mGluRs, (mGluR1 and 
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mGluR5) couple to Gαq and activate phospholipase C (PLC) and protein kinase C 

(PKC); Group II mGluRs (mGluR2, mGluR3) and Group III mGluRs (mGlu4, 6, 7 and 8) 

couple to Gαi/o and inhibit adenylyl cyclase and protein kinase A. However, our 

understanding of alternative and additional signaling pathways activated by these and 

other GPCRs is continually expanding [52]–[54]. Hereafter, “mGluRs” or “mGluR” will 

refer specifically to Group I mGluRs.  

1.2.1 mGluR5 signaling and expression patterns 

Low-stringency PCR cloning lead to the discovery of mGluR5 in 1992, and this 

receptor was found to be expressed most highly in the striatum [55], [56].  Two splice 

variants were described shortly thereafter – mGluR5b has a 96 bp insertion in the C-

terminal tail leading to an additional 32 amino acids in mGluR5b compared to mGluR5a 

[57], [58]. A third isoform, mGluR5d, has also been reported in human hippocampus 

and cerebellum. mGluR5d is truncated relative to the other isoforms, missing 267 amino 

acids in its C-terminal tail compared to mGluR5a, and exhibits enhanced PKC-induced 

desensitization when exogenously expressed in HEK293 cells [59]. However, the 

expression of mGluR5d has not be reported in rodent brain, and further studies of this 

isoform have been lacking.   

Although mGluR5 expression is not restricted to the brain, (reviewed in [60], it 

plays many important roles in the central nervous system. It is expressed in glia 

(astrocytes as well as oligodendrocyte precursors) as well as many different neurons. 
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Levels of mGluR5 expression are highest in hippocampus, lateral septal nucleus, 

subiculum, cortex and striatum [55], [56], [61]. In striatal neurons, mGluR5 is expressed 

by both D1- and D2- MSNs, as well as by the cholinergic and at least some subtypes of 

GABAergic interneurons [62]–[64]. 

The broad expression patterns and rich interactions of mGluR5 with different 

downstream effectors and upstream regulators suggest that important biochemical 

pathways will vary considerably based on cell type and subcellular localization. For 

example, Homer1a overexpression decreased surface mGluR5 levels in cultured cortical 

neurons [65], but Homer1a increased surface mGluR5 levels when heterologously 

expressed in cultured cerebellar granule cells [66]. As several excellent reviews of the 

complexity of mGluR5 signaling are available [50], [52], [67] I will limit this introduction 

to mGluR5 signaling pathways that have been or are likely to be implicated in the 

striatum.  

Homer proteins regulate not only the surface expression of mGluR5, but also 

signaling of the receptor. In cultured striatal neurons, uncoupling mGluR5 from the 

postsynaptic scaffold greatly reduces DHPG-induced pERK activation [68]. Unlike in 

cerebellar granule cells [69], this mGluR5::Homer-long uncoupling did not affect the 

calcium transients produced by  mGluR5 activation, and, in fact, pERK activation 

seemed independent of calcium-mediated signaling. Thus, Homer isoforms may 

regulate mGluR5 coupling to the ERK pathway in MSNs. However, given the 
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incomplete differentiation of MSNs without cortical input [70], [71], other pathways 

affected by Homer-mGluR interactions should be considered. In an elegant study by the 

Worley lab, Homer1a was shown to be permissive for prolyl isomerization of mGluR5, 

which lead to enhanced NMDAR currents in striatal neurons. Of note, MAPK activation 

by D1 receptor signaling via pERK activation was required concurrently, to 

phosphorylate mGluR5. [72]. These and other studies have led to the hypothesis that the 

combination of mGluR5 phosphorylation with Homer1a expression might constitute a 

synaptic tag for synapse-specific strengthening, while broad Homer1a expression may 

more homeostatically decrease transmission via mGluR5 signaling [73]. Thus mGluR5 

activity is implicated in synapse strengthening as well as synapse weakening based on 

recent patterns of synaptic activation and interactions with other proteins.  

While the enhancement of NMDAR signaling by mGluR5 activity in MSNs has 

been described previously [74] the molecular underpinnings of this interaction were not 

elucidated. However, recent work has suggested CamKIIα might be an intermediary. 

Inactive CaMKIIα binds to mGluR5, and dissociates upon the binding of calcium ions; 

calcium simultaneously enhances binding of CaMKIIα to and phosphorylation of the 

GluN2B NMDA subunit [75]. CaMKIIα phosphorylation of GluN2B at S1303 can 

enhance NMDAR currents [76]. Given that mGluR5, CaMKIIα and NMDAR all interact 

with the postsynaptic density [77] they are well positioned to interact with each other. 

However, mGluR5 inhibition of NMDAR signaling has also been reported. Using 
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bioluminescence resonance energy transfer (BRET) imaging, in cultured hippocampal 

neurons, Moutin et. al demonstrated a direct interaction between mGluR5 and NMDAR 

that was enhanced by disrupting mGluR5::long-Homer interactions and that selectively 

reduced NMDAR currents without affecting AMPAR-mediated synaptic transmission 

[78]. 

There are additional heteromeric interactions between mGluR5 and other 

striatally expressed receptors. While mGluR1 and mGluR5 likely do not form 

heterodimers, their homodimers can interact cooperatively in MSNs [79]. The adenosine 

A2A receptor can also signal synergistically with mGluR5, which may be critical to 

override D2R-mediated antagonism of A2A signaling in D2 MSNs [80], [81]. Evidence of 

higher order oligomerization between mGluR5, A2A and D2R also exists [82]. While the 

signaling significance of this interaction is unknown, it is possible that calmodulin plays 

a role. Calmodulin can interact with both mGluR5 (Minakami, Jinnai, and Sugiyama 

1997; Lee et al. 2008) and A2A/D2R heteromers [85]. The mu-opioid-receptor (MOR), 

which is expressed in both D1 and D2 MSNs [86], can also interact with mGluR5; MOR 

stimulation can lead to co-internalization of mGluR5 and mGluR5 antagonism can 

reduces MOR-agonist induced MOR internalization [87]. Finally, in both astrocytes [88] 

and cultured striatal neurons [89], mGluR5 can transactivate the EGFR receptor, 

activating ERK2 and JNK MAP family kinases respectively, thus activating different 
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transcriptional programs. These examples show that mGluR5 signaling can be biased by 

its interactions with a variety of other receptors.  

In addition to heteromeric interactions, there is emerging evidence from the 

O'Malley lab for mGluR5 signaling differences based on subcellular localization, 

reviewed nicely in [90]. In brief, mGluR5 expression is not limited to cell surface 

receptors, but is also found in the endoplasmic reticulum and nuclear envelope. While 

ligand access to the luminal N-terminus of intracellular mGluR5 may present a 

challenge for binding of charged molecules such as glutamate, this is evidence that 

glutamate can be actively transported into the cell. Additionally, signaling could be 

constitutively active, such as in the presence of Homer1a. Furthermore, many of the 

signaling molecules downstream of mGluR5 can be found in these compartments, 

including Gα subunits and β-arrestins. However, studies have been hampered by a lack 

of understanding of how mGluR5 might be targeted to a specific compartment. The C-

terminal domain does not contain any known localization sequences, but may interact 

with as-yet-unknown proteins that are involved in targeting. Thus, studies of mGluR5 

compartment-specific signaling have had to rely upon cocktails of inhibitors and 

agonists that are either lipophilic or cell-impermeable. In cultured striatal neurons, these 

studies suggest that extracellular versus intracellular mGluR5 activates transient versus 

sustained calcium responses which preferentially activate JNK versus ERK MAP Kinase 

pathways [91], [92]. 
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One key cellular role for striatal mGluR5 signaling is synaptic plasticity. 

Activation of mGluR5 has been shown to play a role in both striatal long-term 

potentiation (LTP) [93] and long term depression (LTD)  ([94] but see [95]. Although 

there have been some conflicting reports about whether this LTD can be observed in 

both D1 and D2 MSNs and what other molecular mechanisms might regulate LTD 

expression, it is generally accepted that Group I mGluR activation leads to the 

production of endocannabinoids which act presynaptically at CB1 receptors to inhibit 

glutamate release (reviewed in [96]). A recent study from the Kreitzer lab demonstrated 

that low-frequency stimulation can lead to mGluR-LTD via a calcium-independent, 

phospholipase C, diacylglycerol, 2-arachidonoylglycerol pathway, while high frequency 

stimulation can activate mGluR-LTD via a calcium-dependent pathway utilizing 

phospholipase D and producing anandamide. Interestingly, both of these pathways 

could be inhibited by PKA activation of RGS4. PKA activation, in turn, could be 

mediated by stimulation of the A2A adenosine receptor or inhibition of the D2 

dompaine receptor [97]. This provides an elegant example of how mGluR5 signaling can 

utilize different pathways to achieve the same result (reduction in presynaptic glutamate 

release), as well another example of mGluR5 regulation by other neuromodulators, such 

as dopamine and adenosine.  

The Calakos lab recently demonstrated that overactive mGluR5, in the SAPAP3 

KO animal, can also lead to a post-synaptically expressed suppression of striatal 



 

16 

glutamatergic transmission [98]. As dynamin, an inhibitor of endocytosis, normalized 

SAPAP3 KO glutamatergic transmission, mGluR5 may also be capable of driving striatal 

AMPAR endocytosis. There are many mechanisms by which mGluR5 is known to drive 

AMPAR endocytosis, including activation of the matrix metalloprotease tumor necrosis 

factor-α-converting enzyme (TACE), activation of striatally enriched tyrosine 

phosphatase (STEP), or protein synthesis driven downstream of phosphorylation and 

degradation of Fragile X Mental Retardation Protein (FMRP) (reviewed in [67]). The 

FMRP pathway has been of particular interest in the setting of disease relevance. A key 

function of FMRP is targeting mRNA to synapses, where it then represses their 

transcription until mGluR5 activation, via PP2A, dephosphorylates FMRP, freeing 

mRNA for translation [67], [99]. Although well-studied in brain regions such as the 

cortex and hippocampus [67], these pathways have not been well explored in striatal 

development. 

1.2.2 mGluR5 roles in development 

Of the two major isoforms of mGluR5, mGluR5a and mGluR5b, mGluR5a likely 

accounts for the bulk of the early postnatal peak in mGluR5 levels, especially in cortex 

and hippocampus [100]. Initial reports found no substantial differences in signaling 

between these two isoforms [58], [101]. However, in neuroblastoma NG108-15 cells, 

heterologous expression of mGluR5b inhibited neurite outgrowth while mGluR5a 

promoted neurite outgrowth [102]. While the mechanism for this effect has not been 
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elucidated, it does provide support for the functional importance of the developmental 

regulation of mGluR5 isoforms.  

Developmental roles for mGluR5 in the brain are not restricted to neurons. 

Astrocytes demonstrate regulation of mGluR5a expression over development [103], 

[104], and oligodendrocyte precursor cells exclusively express the mGluR5a isoform 

[105]. Microglial activation can be inhibited by mGluR5 [106] which may have 

implications for development given the role of microglia in synapse pruning [107]. 

Astrocytic calcium transients can also be regulated by mGluR5, reviewed in [108]. A 

recent study in p12-p18 animals demonstrated that astrocytes can help couple activity in 

MSNs of the same subtype (D1-D1 interactions or D2-D2 interactions) [109], highlighting 

the potential importance of these cells in regulating activity-dependent wiring of striatal 

microcircuitry. However, mGluR5-dependent signaling between glia and neurons is 

greatly attenuated in older animals [110]. Thus, mGluR5 signaling in non-neuronal cells 

may be of particular importance during development. 

Given its widespread expression, it was somewhat surprising that global 

mGluR5 KO mice showed no gross abnormalities in brain development [111], [112]. 

However, disruption in barrel formation in the whisker barrel cortex has been reported 

[113], [114] as well as impaired formation of barrelettes and barreloids in the thalamus 

and brainstem [115]. Targeted deletion of mGluR5 in cortical neurons resulted in 

impaired patterning only in the cortex, sparing the thalamus and brainstem, and 



 

18 

allowing the interrogation of a more defined disruption [112]. Interestingly, while 

mESPC frequency was increased and mIPSC frequency was reduced in the global 

mGluR5 KO, only mIPSCs were affected by the cortex-specific KO, suggesting a non-cell 

autonomous role for cortical mGluR5 in the maturation of cortical exictiatory 

connections [112]. Long-term depression of Layer II/III inputs was also impaired [116] , 

consistent with a role for mGluR5 in plasticity established by earlier pharmacological 

and global KO studies discussed above. Elimination of mGluR5 selectively from 

parvalbumin interneurons reduced parvalbumin staining in many brain regions 

including the striatum, reduced mIPSC frequency in CA1 pyramidal neurons of the 

hippocampus, and increased compulsive-like behaviors [117], highlighting the circuit-

level effects that can be caused by impairment of mGluR5 in a relatively restricted cell 

type.   

In contrast to the consistent findings of impaired barrel formation, reports of 

changes in spine density with mGluR5 KO have varied. Layer III V1 neurons were 

reported to have no changes in spine density at p30 [118]. Layer IV neurons in S1 were 

reported to have decrease in spine density at p21-p23 [115]. Layer IV pyramidal neurons 

at p45 were found to have increased spine density [119]. Differences in age, strain, and 

cell type (i.e. spiny stellate vs. pyramidal cortical cells) have been suggested to underlie 

these discrepancies. In support of the importance of age, in Layer V cortical neurons in 
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FMRP KO mice, which likely have overactive mGluR5 [120], have a transient increase in 

mEPSC frequency only at p22, that is not seen at p15 or p30 [121].  

Although FMRP has a role in regulating a vast number of mRNAs [122], 

correcting overactivity of mGluR5 genetically [118] or pharmacologically [123]  

profoundly improves most of the FMRP KO phenotypes. This has spurred a great deal 

of interest in the role of mGluR5 signaling in neurodevelopmental disorders. Indeed, 

evaluation of another genetic neurodevelopmental disorder, Tuberous Sclerosis 

Complex (TSC), demonstrated decreases in mGluR5 function; enhancing mGluR5 

pharmacologically corrected both physiological and behavioral abnormalities [124]. 

Adult FMRP mice have elevated mGluR5 levels in the striatum and elevated 

diacylglycerol lipase activity, suggesting that the link between mGluR5 and FMRP may 

be as relevant in the striatum as in other brain regions [125].  

Activity of mGluR5 can both promote as well as prevent synapse maturation. In 

the FMRP model, the presence of increased density of long thin "immature" spines is 

corrected by pharmacological [123] or genetic [118] reduction of mGluR5 activity. 

However, in the hippocampus, mGluR5 signaling has been shown to drive the activity-

dependent switch from the immature NR2B NMDAR subtype to the mature NR2A 

NMDAR subtype [126]. Roles for mGluR5 in pruning of synapses have also been 

described, as FMRP KO animals have deficits in Layer V cortical pyramidal neuron 

pruning [121] and shrinking of large spines on CA1 hippocampal neurons requires 
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mGluR5 [127]. Again, the diversity of mGluR5's effects likely arise from coupling to 

different pathways in different cells types at different stages of development and in 

different subcellular locations. For example, the ability of neuronal activity to stimulate 

MEF2 transcription (possibly downstream of mGluR5 activation) changes over postnatal 

development, and concurrently, rescue of FMRP KO neurons by FMRP expression 

results in mEPSC frequency increasing at  ~P6-P7 or decreasing at ~P13-P14. [128]. A 

follow up study utilizing special microfluidic chambers to isolate somatic and dendritic 

cellular compartments demonstrated that mGluR5 activity in dendrites but not in the 

soma, was necessary for MEF-mediated synapse elimination [129]. 

In summary, it is clear that mGluR5 has multiple important roles in 

development. These roles can change over time, brain region, cell type and subcellular 

compartment, providing rich opportunities for studies at multiple levels. 
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2. mGluR5 constitutive activity is negatively regulated 
by scaffolding proteins in the striatum 

Scaffolding molecules have rich interactions that are currently incompletely 

understood. As many mammalian scaffolding proteins have arisen from gene 

duplication during evolution, roles of specific scaffolding proteins can be difficult to 

dissect due to compensation from closely related paralogues [130]. The striatum affords 

a unique opportunity to study the role of the SAPAP family of scaffolding molecules, 

because only one member of the family is highly striatally expressed, SAPAP3 [131], 

[132]. SAPAP3 KO mice show enhanced striatal mGluR5 activity, leading to reduced 

corticostriatal transmission [98], [132], [133]. When mGluR5 is not bound to long-Homer 

scaffolding proteins, it is constitutively active, signaling even in the absence of its ligand, 

glutamate [134]. Absence of one scaffolding molecule can affect the integrity of other 

elements of the postsynaptic scaffold [130]. Therefore, we hypothesized that mGluR5 

interactions with Homer might be affected by the loss of the SAPAP3, leading to 

constitutive activity of the receptor.  

2.1 Sapap3 knockout (KO) disrupts the physical interaction of 
mGluR5 and long Homer, leading to constitutive mGluR5 activity  

Co-immunoprecipitation studies of striatal tissue, performed in collaboration 

with the Huber lab, demonstrated that SAPAP3 KO animals have reduced association of 

mGluR5 with Homer (Figure 2). Specifically, the Homer D-3 antibody (Santa Cruz, sc-

17842) recognizes an epitope absent from the Homer1a activity-dependent short Homer 
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isoform, and is therefore specific for long Homer isoforms. The specificity of this 

antibody was confirmed by lack of signal in HEK cells overexpressing Homer1a. (Dr. 

Rui Gao and Dr. Kimberly Huber, personal communication).  

 

Figure 2: mGluR5::Homer-long interactions are disrupted in the SAPAP3 KO 
striatum.  

A) Co-immunopercipitation of Homer-long isoforms demonstrates reduced 
association of mGluR5 with Homer-long isoforms (abbreviated “Homer” in this figure). 
B) Quantification of 3 independent biological replicates demonstrates a statistically 
significant reduction in mGluR5::Homer interactions. C) Input amounts of Homer are 
similar in both genotypes. D) Input amounts of mGluR5 are similar in both genotypes. 
This figure is modifed from [135]  

 
To complement this structural evidence of increased constitutive activity, we 

preformed electrophysiological studies. First, Yehong Wan showed that the competitive 

mGluR5 antagonist, MCPG, does not correct the excitatory transmission deficit in 

SAPAP3 KO mice. However, the excitatory transmission defect was corrected by MTEP, 

an inverse agonist [136] capable of blocking both ligand-dependent and constitutive 

activity [135]. This demonstrated that constitutive mGluR5 activity is necessary for 

reducing striatal excitatory transmission. To test sufficiency of mGluR5 activity to 

reduce excitatory transmission, I used a peptide containing the mGluR5-C-terminal 
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domain (mGluR5-CT) [68] to uncouple mGluR5 from the postsynaptic scaffold (Figure 

3) The mGluR5-CT peptide reduced WT excitatory transmission, reducing it to levels 

similar to SAPAP3 KO. Critically, the mGluR5-ctd effect was occluded in the SAPAP3 

KO animals, consistent with the hypothesis that mGluR5 is already constitutively active 

due to the disrupted scaffold. 

 

Figure 3: mGluR5-CT decreases excitatory neurotransmission in WT but not in 
SAPAP3 KO animals 

 A) Diagram showing patch pipette delivery of 200 µM mGluR5-CT peptide 
(pink), leading to uncoupling of mGluR5  (black) from the postsynaptic scaffold (yellow). 
The inactive peptide (mGluR5-MU, not pictured) contains two amino acid substitutions 
that prevent binding to Homer. B) Sample traces of responses evoked at 0.2 mA 
stimulation. C) Input-output curves demonstrate mGluR5-CT reduced EPSCs in WT but 
not SAPAP3 KO (KO) D1 MSNs. This figure is modifed from [135] 

2.2 Sapap3 KO is similar to early postnatal striatal development  

Key findings in SAPAP3 KO animals are reminiscent of early development. 

SAPAP3 KO animals have increased levels of NR2B [131], an NMDAR subunit enriched 

in the early postnatal period [137], [138]. SAPAP3 KO mice have increased silent 
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synapses [98]; silent synapses are thought to be the substrate for experience-dependent 

synaptic plasticity in the critical periods of early postnatal development [139]. 

Additionally, some of the earliest studies of metabotropic glutamate receptors showed 

higher signaling in the early postnatal brain compared to later in development, as 

measured by phosphoinositide production [140]–[142]; this recalls the high mGluR5 

signaling we have reported in SAPAP3 KO mice [98], [133]. Finally, the early postnatal 

period is characterized by the absence of or relatively low levels of many scaffolding 

proteins, including SAPAP3 [143], [144]. To confirm that murine striatal ontogeny is 

similar to what has been described for other brain regions and in other animal models, 

we performed western blots to examine protein expression across early postnatal striatal 

development. As has been described previously in rats [145] mGluR5 showed a modest 

peak in the early postnatal period, while the levels of mature postsynaptic scaffolding 

proteins (PSD-95, SAPAP3, Shank3 and long-Homer [143]) steadily increased (Figure 4).    
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Figure 4: Ontogeny of Striatal mGluR5 and Synaptic Scaffolding Proteins.  

A) Western blots demonstrate an early postnatal rise of mGluR5, while 
scaffolding molecules characteristic of mature synapses steadily rise over development. 
B) Quantification of mGluR5 and Homer long protein levels, normalized to β-Actin as a 
loading control. 

2.3 Chapter 2 conclusions 

In summary, these data provide strong evidence that SAPAP3 KO animals have 

disrupted postsynaptic scaffolds that lead to constitutively active mGluR5. The synaptic 

and biochemical phenotypes of the SAPAP3 KO [98], [131], [133] match key features of 

normal early postnatal development. Because mGluR5 antagonists corrected the 

SAPAP3 KO phenotypes [98], [133], [135], we hypothesized that mGluR5 may normally 

promote synapse silencing in the developing striatum.  
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3. mGluR5 can regulate MSN development 
To assess for ongoing constitutively active mGluR5 in the early postnatal 

striatum, we utilized the inverse agonist MPEP [146] and other inhibitors of the mGluR5 

signaling pathway. Over a period of two years, replicated independently by Yehong 

Wan and myself, MPEP and other pharmacological agents in the mGluR5 signaling 

pathway reliably increased excitatory synaptic transmission. These data, which will 

form a large part of this chapter, strongly implicate a role for mGluR5 in regulating 

striatal excitatory synapse development. Unfortunately, subsequent to housing and 

husbandry changes in late 2013 and early 2014, I was no longer able to replicate this 

finding. My efforts to examine factors that may be permissive for mGluR5 regulation of 

striatal synaptic maturation will be presented in Chapter 4. 

3.1 mGluR5 signaling can suppress excitatory synaptic activity 

Basal excitatory transmission is commonly assessed by measuring miniature 

excitatory postsynaptic currents (mEPSCs). Due to the probabilistic nature of synaptic 

transmission, nicely reviewed in [147], there is some chance that presynaptic vesicles 

will release neurotransmitter at any given synaptic input, producing a mEPSC in the 

postsynaptic cell. The frequency and amplitude of these events can be used to estimate a 

combination of synaptic strength, release probability and number of synaptic 

connections.  We applied the mGluR5 inverse agonist, MPEP (40 µM), for a minimum of 

1 hour prior to recording mEPSCs, to allow ample time to shut down signaling 
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downstream of any constitutive mGluR5 activity. MPEP significantly increased mEPSC 

frequency in D1 MSNs, without affecting amplitude (Figure 5).  

 

Figure 5: Blocking mGluR5 signaling increases basal excitatory 
neurotransmission in the p8-p10 striatum.  

A) Sample traces show an increase in mEPSC with MPEP (40 µM) treatment. B) 
Quantification of three independent replications of this experiment, over time and by 
two individuals. (YW = Yehong Wan. SB = Srishti Bhagat). Numbers within bars 
represent number of cells recorded. 

Increases in mESPC frequency can be driven by increased presynaptic release 

probability or an increased number of functional synapses. Two common methods of 

assessing pre- vs. post-synaptic effects are examination of short term-plasticity with 

paired pulses (paired pulse ratio, PPR) and examining the relative ratio of NMDA and 

AMPA currents in evoked responses [148]. I found MPEP application decreased the 

paired pulse ratio (PPR) and did not change the AMPA/NMDA (Figure 6).  



 

28 

 

Figure 6: Blocking mGluR5 signaling reduces PPR and does not affect 
AMPA/NMDA ratio  

A) Sample traces showing evoked responses in D1 MSNs by paired pulses with a 
50 msec interstimulation interval. MPEP (40 µM) significantly reduced PPR. B) Sample 
traces showing responses at -70 mV (inward current) and +40 mV (outward current). 
MPEP did not significantly affect AMPA/NMDA ratio. 

A decrease in PPR with no change in AMPA/NMDA, combined with increased 

mEPSC frequency, is often interpreted as increased pre-synaptic release probability. 

However, a stable AMPA/NMDA ratio can be consistent with synapse unsilencing, as 

NMDARs can be added to synapses within 2 hours of the addition of with AMPARs 

[149]. Slices I recorded were exposed to MPEP for 1 to 7 hours, leaving ample time for 

NMDAR addition. Additionally, pre-synaptic release probability is higher in immature 

hippocampal synapses and drops with synapse maturation [150]; thus it is possible that 

freshly unsilenced striatal synapses also have a higher probability of release.  
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I hypothesized that the physiological effects of MPEP could reflect an increase in 

synapse number because the early postnatal period across many brain regions and many 

species is characterized by silent synapses [139], and high basal striatal mGluR5 activity 

can silence MSN synapses [98]. Furthermore, EM and structural studies indicate that 

number of striatal synapses increases dramatically starting around p9, when spines first 

appear on MSNs [36]. To more directly assess silent synapses, I utilized the minimal 

stimulation paradigm. In this technique, stimulation intensity is adjusted such that 

stimulation evokes an EPSC only 20-50% of the time. Neurons are then repeatedly 

stimulated at two different resting membrane potentials:  at -60 mV (wherein most 

NMDARs will be blocked by Mg2+ ions, so the currents will largely reflect AMPAR 

activation), and at +50 mV (wherein Mg2+ blockade is relieved, allowing current 

through NMDARs as well as AMPARs). Comparing the failure rate at the two different 

holding potentials allows estimation of the proportion of silent synapses. Based on the 

quantal theory of neurotransmitter release, utilizing the Poisson distribution 

simplification,  the proportion of silent synapses is equal to 1 – ln(F-60mV)/ ln(F+50mV), 

where F-60mV is the failure rate at -60 mV and F+50mV is the failure rate at +50 mV [151]. 

MPEP significantly reduced the proportion of silent synapses. (Figure 7) Of note, 

stimulation intensity required to achieve 20-50% failure rates did not vary between the 

two conditions (0.52 mA +/- 0.41 DMSO; 0.17 mA +/- 0.12 MPEP, p = 0.44), suggesting 

presynaptic release probably was not substantially different. 
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Figure 7: mGluR5 activity promotes silent synapses  

A) Sample traces show 10 trials at hyperpolarized (-60 mV) and depolarized (+50 
mV) holding potentials in D1 MSNs. Both successes (inward or outward currents, 
respectively) and failures are visible. Scale bar represents 5 pA, 200 ms. B) Each cell is 
plotted as a thin colored line; thick black lines show group averages. MPEP (40 µM) 
treated neurons have a smaller increase in success rate after depolarization to +50 mV, 
indicating they have significantly fewer silent synapses (see text for mathematical 
explanation) 

Unfortunately, in experiments conducted later, MPEP no longer increased 

mEPSC frequency (Figure 8). The drug was obtained from two different suppliers, and 

similar failure of replication was experienced by both Yehong Wan and myself for 

experiments in the early postnatal period. Chapter 4 explores what interacting factors 
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may have affected our ability to replicate the original findings. 

 

Figure 8: MPEP fails to modulate mEPSC frequency  

A) Sample mEPSC traces from D1 MSNs held at -70 mV B) Quantification shows 
no significant modulation of mEPSC frequency with the mGluR5 antagonist MPEP (40 
µM) 
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3.2 mGluR5 signaling may not regulate MSN excitability in the 
early postnatal period 

Acute activation of mGluR5 using the Group 1 agonist DHPG has been shown to 

increase excitability in p13-p17 MSNs in the ventral striatum [152], and there are 

dramatic reductions in the excitability of MSNs over development [11], [26], [36]. 

However, cell-type specific measurements of MSN excitability and membrane properties 

have not been reported at ages younger than p16. To determine if ongoing mGluR5 

activity might enhance MSN excitability earlier in development, I performed whole cell 

patch clamp experiments in current clamp mode, utilizing the mGluR5 antagonist MTEP 

(20 µM), applied for a minimum of 1 hour to allow inhibition of downstream signaling 

pathways. 

First, I examined resting membrane potential, input resistance and rheobase 

(minimum amount of current required to elicit action potential firing) (Table 1). There 

were significant primary effects of age and cell type on these parameters, but no 

significant primary effect of drug treatment and no significant interacting effects. 

Further statistical analysis of each dependent variable post-hoc demonstrated a 

significant effect of age and cell type on input resistance ( *p = 0.0004 and *p = 0.0005 

respectively) and rheobase ( *p = 0.0012 and * p < 0.0001 respectively), and a significant 

effect of cell type on resting membrane potential (* p = 0.0004). Thus, these data show D1 

and D2 differences in excitability are present as early as p10. 
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Table 1: Membrane properties of early postnatal D1 and D2 MSNs  

Cell 
Type Age Treatment N 

(Cells) RMP (mV) IR (M Ω) Rheobase 
(pA) 

D2 

p10 

DMSO 5 -68 ± 3.4 485.3 ± 61 38.6 ± 8.7 

MTEP 6 -65.8 ± 3.4 378 ± 51.9 41 ± 6.4 

p12 

DMSO 7 -75.8 ± 1.6 221.4 ± 52 76.1 ± 9.8 

MTEP 6 -70.2 ± 3.4 308.1 ± 56.2 67.5 ± 10.1 

 D1 

p10 

DMSO 6 -77.8 ± 1.7 294 ± 16.3 89.5 ± 11.6 

MTEP 6 -77.7 ± 2.4 262.7 ± 58.8 112.2 ± 15.4 

p12 

DMSO 8 -75.5 ± 2.8 190.2 ± 15.2 115.1 ± 9.8 

MTEP 6 -78.3 ± 2.1 198.5 ± 23.6 135.7 ± 13 

 

 An examination of firing frequency as function of current injection (Figure 9) 

demonstrates the clear differences in excitability between D1 and D2 MSNs.  While there 

are small trends of MTEP reducing firing frequency in both cell types at P10 and 

increasing firing frequency in D2 MSNs at P12, these results are not statistically 

significant. It may be worth testing MTEP effects on MSN firing at p8; however, the 

input resistance is approximately 1 Giga Ω at that stage of development and thus will 

necessitate further optimization of the current-clamp protocol.  Of course, it is also 

possible that activation of mGluR5 by the exogenous agonist DHPG [152] invokes 
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different signaling pathways than those triggered by endogenous mGluR5 activation 

(blocked by MTEP in these studies).  

 

Figure 9: Excitability differences between D1 and D2 MSNs are present by p10, 
but mGluR5 blockade does not significantly affect excitability  

A) Sample traces of a p10 D1 MSN responding to a -90 pA (hyperpolarizing), +50 
pA (rheobase, purple trace) and +110 pA current step. Note the ramp to action potential 
firing, as well as regularity of action potential firing at suprathreshold levels, typical of 
MSNs. B) Quantification of firing frequency by cell type at p10 and p12, with MTEP (20 
µM) or vehicle treatment. Repeated measures ANOVA indicates a primary effect of 
current and cell type, but no effect of drug and no interaction effects. 
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3.3 Chapter 3 conclusions 

Multiple electrophysiological measures demonstrate the mGluR5 activity in the 

early postnatal period suppresses D1 MSN excitatory synaptic transmission. MPEP, an 

mGluR5 inverse agonist, applied to p8-10 D1 MSNs can increase mEPSC frequency, 

reduce D1 MSN PPR, and reduce the proportion of silent synapses. Whether these 

represent presynaptic, postsynaptic, or a combination of pre- and post-synaptic effects 

remains to be determined. However, there seems to be some other biological factor(s) 

that is permissive for mGluR5 signaling to occur. The current clamp recordings may 

provide further support for this hypothesis -- I was able to easily reproduce D1 and D2 

MSN excitability differences [9], [11] (and extend the presence of their differences to an 

earlier postnatal period than has been reported to date), but I was unable to elicit a clear 

reduction in MSN excitability with MTEP, as I would have predicted based on prior 

studies [152]. My ability to reproduce known differences in MSNs, as well as reproduce 

findings in older animals (mGluR5-CT experiments were successfully replicated) 

provide strong evidence that the technical quality of my work is sound, and that is there 

is a biological instability in the early postnatal period.  
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4. Multiple factors may interact with mGluR5 to regulate 
striatal excitatory synapse development 

Having had a consistent, reliable effect for over 2 years followed by instability 

suggested there may be some environmental or technical issue to troubleshoot. 

Technical troubleshooting included but was not limited to: assessment of changes in 

slice health; reanalysis of old and new data to confirm analysis parameters were reliable; 

careful analysis of solutions for correct pH, osmolarity and composition; and sourcing of 

pharmacological agents from different vendors. Because both Yehong and I developed 

similar difficulties reproducing results only for early postnatal experiments, but not 

animals p21 and older, it seemed most likely that there had been some biological shift 

affecting sensitive developmental processes without impacting studies in older animals.   

4.1 Acute NMDAR blockade does not affect early postnatal 
striatal basal excitatory transmission 

In my earliest attempt to resolve this failure of replication, I tried a second 

mGluR5 antagonist, MTEP. Surprisingly, MTEP significantly reduced mEPSC amplitude 

without affecting mEPSC frequency. MTEP was developed from structure-function 

analysis of MPEP to further reduce known off-target effects, particularly on monoamine 

oxidase inhibitor and NR2B-containing NMDARs [153]. Given that mGluR5 can directly 

inhibit NMDARs [78], and that NR2B signaling in particular can inhibit the addition of 

AMPARs to glutamatergic synapses [154], I reasoned that the difference in effect 

between MTEP and MPEP could be NR2B activity. I utilized the NR2B-selective 
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anatagonist ifenprodil, and found that similar to the broad spectrum NMDAR 

antagonist, APV, ifenprodil alone did not significantly affect mEPSCs. However, 

mEPSCs were also unaffected by MTEP in combination with ifenprodil (Figure 10) These 

data suggest that NMDAR activity blockade on the time scale of 1-6 hours does not 

significantly regulate basal excitatory transmission in MSNs.   

 

Figure 10: mGluR5 effects are independent of NMDAR signaling, and 
NMDAR signaling does not appear to acutely regulate MSN mEPSCs.  

A) APV (50 µM) did not affect basal mEPSC frequency nor did it prevent the 
MPEP-induced increase mEPSC frequency, indicating mGluR5 signaling in this 
paradigm is independent of NMDAR effects. Similarly, ifenprodil (3 µM) did not affect 
mEPSCs whether in the presence of or absence of mGluR5-blocade (MTEP, 20 µM) 
Please note, the first two bars in both the amplitude and frequency panels are 
reproduced from Figure 1. 

4.2 Developmental effects of mGluR5 signaling on striatal 
excitatory activity are unstable; diet may play a role  

There were several husbandry changes that occurred in late-2013 and early-mid 

2014. The housing location of the mice was changed from GSRBII Room 2017 to Room 

1047, and mice underwent pinworm treatment (fenbendazole). Secondary to poor 

neonatal survival, breeder chow was changed from PicoLab Rodent Diet 20 (5053) to the 
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higher fat PicoLab Mouse Diet 20 (5058) and enrichment huts were added to all breeder 

cages. Any of these changes could impact the neurobiology of the mice. For example, 

SAPAP3 heterozygous mice do not normally develop facial lesions, but developed them 

when their environment became more stressful (failure of the lights to properly turn off 

during the dark cycle) (Gouping Feng, personal communication). The most easily 

controllable and readily reversible change was diet. To examine the role of diet in 

regulating early postnatal MSN mEPSCs, I tested the pups of a fresh breeding cage 

started on the low fat 5053 diet. In these mice (5053-1stGen) MTEP statistically 

significantly increased mEPSC amplitude, without effecting frequency. In utero 

exposure to high fat diet can result in epigenetic changes that take 3 generations to fully 

normalize [155]. Because the change in mEPSCs was in a parsimonious direction 

(increased excitatory transmission with mGluR5 blockade, instead of reduced excitatory 

transmission), I obtained mice which had been maintained on the low fat diet for 

multiple generations (5053 Gen3+). Unfortunately, in pups from these mice MTEP did 

not significantly affect mEPSC frequency or amplitude. I cannot rule out high variability 

leading to Type I (false positive) and Type II (false negative) errors in my mEPSC 

analysis. Interestingly however, basal mEPSC frequency in the 5053 Gen 3+ mice was 

similar to historical levels. The historical mEPSC frequency (~0.4 Hz) had been very 

stable prior to the husbandry changes, in multiple data sets from Yehong Wan and 

myself, but had become higher and more variable from one data set to another 
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subsequent to the husbandry changes. While an experiment interleaving recordings 

from the two different diets would provide more rigorous evidence, these data suggest 

that basal mEPSC transmission may be impacted by diet. 

 

Figure 11: The effects of mGluR5 blockade are unstable over time.  

A) Effects of mGluR5 blockade with MPEP (40 µM) and MTEP (20 µM) produced 
variable effects on D1 MSN mEPSCs, including increasing frequency, decreasing 
amplitude, increasing amplitude, and having no effect. Please note, the bars labeled 
“5053 (2011)” are reproduced from Figure 1. 

 

4.3 Neuromodulators may affect early postnatal striatal basal 
excitatory transmission 

As discussed in the introduction (Section 1.1.1), acetylcholine and dopamine 

have important modulatory roles in the striatum, and they can interact bidirectionally. 

Acetylcholinesterase inhibitors, which prevent the breakdown of acetylcholine, can 

reduce the striatal population EPSP [156] and reduce cortically evoked EPSCs in MSNs 

[157], by decreasing glutamatergic synapse release probability via presynaptic 

muscarinic receptors [158], [159]. However, acetylcholine can also increase the 
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excitability of MSNs via postsynaptic muscarinic receptors expressed on MSNs, [160] 

and nicotinic acetylcholine receptors on dopaminergic nerve terminals can affect 

dopamine release [19], [161]. Of note, while nicotinic acetylcholine receptors are also 

expressed at cortical glutamateric terminals, application of nicotine was shown to not 

affect striatal MSN mEPSCs while it greatly increased mIPSC frequency, suggesting 

nicotinic acetylcholine receptors play a more minor role in direct regulation of MSN 

glutamateric inputs [162]. Thus a decrease in cholinergic tone could decrease mEPSC 

amplitude via postsynaptic effects on MSN and/or increase mEPSC frequency via effects 

on presynaptic glutamatergic afferents onto MSNs, among other effects. A higher release 

probability due to decreased cholinergic tone could enhance synapse maturation in early 

postnatal MSN [12], occluding effects of mGluR5 blockade. To see if increasing 

cholingergic tone could restore mGluR5-dependent modulation of striatal mEPSCs, I 

applied 2 µM physostigmine to inhibit acetylcholinesterase (AChE) activity, in the 

presence of mGluR5 receptor blockade (MTEP). No change in mEPSC frequency or 

amplitude was observed (Figure 12). It is difficult to interpret a single negative result in 

a complicated microcircuit. Firstly, lack of a positive control makes bioactivity of the 

compound difficult to assess. Additionally, because ACh can also provide feedback 

inhibition to cholinergic neurons, physostigmine at higher concentrations (20 µm) can 

actually reduce striatal ACh levels [163]. Similarly, it is suggested that nicotinic 

acetylcholine receptor desensitization is prevented by AChE activity; thus 
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physostigmine could result in reduced dopaminergic tone by promoting desensitization 

of nicotinic receptors on dopaminergic nerve terminals [19]. The potential presence of 

these indirect effects complicate the interpretation of this study. In summary, while 

MTEP +/- 2 µM physostigmine did not reveal an effect on D1 MSN mEPSCs, prompting 

me to consider other neuromodulators, I cannot rule out a role for acetylcholine in 

regulating MSN glutamatergic synapse maturation with this single experiment. 

 

Figure 12: D1-Dopamine receptor stimulation may increase mEPSC frequency  

A) The acetylcholinesterase inhibitor physostigmine (2 µM) in combination with 
the mGluR5 antagonist MTEP did not significantly affect mEPSCs. The D1 dopamine 
receptor agonist SKF81297 given in vivo 1 hour before slicing showed a trend towards 
increasing mEPSC frequency in p12-p13 animals and in p8-p10 animals. 

A role for dopamine seemed like a more promising avenue to pursue given a 

recent study showing PKA activation enhanced activity-induced synaptic maturation 

p8-p13 MSNs [12]. Kozorovitskiy et al showed that the D1 dopamine receptor agonist, 

SKF81297, approximately quintupled mEPSC frequency and doubled the density of 

spines in p8-p13 D1 MSNs. As this effect was seen only in vivo and not when SKF81297 
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was bath applied in acute striatal slices, they suggested intact circuitry was required. 

Given the data presented in Chapter 3, I hypothesized that in the slice preparation, tonic 

mGluR5 activity could prevent observation of the SKF81297 effect. In support of this 

idea, Burguiere et al. showed that in DIV 15-16 corticostriatal co-cultured MSNs neither 

SKF81297 (D1 agonist) nor MTEP nor MPEP (mGluR5 antagonists) alone could increase 

mEPSC frequency, but co-application of these drugs could increase mEPSC frequency 

and spine density [71]. This suggests that the instability of MPEP and MTEP effects in 

my experiments could stem from a reduction in dopamine tone. To examine this 

hypothesis, I first needed to establish that I could observe the reported in vivo effects of 

SKF81297. As was reported [12], 5 mg/kg sub-cutaneous SKF81297 robustly increased 

locomotion (data not shown). Despite the clear behavioral evidence of the drug’s 

efficacy, mEPSC frequency showed only modest trend towards an increase (Figure 12, 

“p12-p13”). Because there were differences in my experimental conditions compared to 

the Kozorovitskiy et. al studies, I repeated this experiment after consulting with Dr. 

Kozorovitskiy to match experimental conditions as closely as possible. Changes 

included using a choline-based solution for acute slice preparation (which could affect 

cholinergic tone), including scopolamine (a muscarinic acetylcholine receptor 

antagonist, 10 µM) and RS-CPP (NMDAR antagonist, 10 µM) in the recording aCSF, 

using a pipette internal solution that lacked any calcium chelators, and using animals 

aged p8-p10. Despite these changes, there was still only a modest trend (not statistically 
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significant) towards an increase in mEPSC frequency with SKF81297 treatment (Figure 

12, “p8-p10”) 

The clear age-associated increase in mEPSC frequency again demonstrates that the 

quality of my data is appropriate for detecting biologically significant differences. 

Additionally, normalizing the two SKF datasets to the means of their respective vehicle-

treated mice (as done in 2015 Kozorovitskiy et. al), allowed pooling of the data and did 

indicate a significant effect using a 1-tailed t-test (p=0.049), which may be appropriate 

given that my a priori hypothesis was an increase in mEPSC frequency. The most 

significant difference remaining between our studies was the transgenic line used to 

identify D1 and D2 MSNs. The Drd2-EGFP line used by Kozorovitskiy et. al has been 

reported to have abnormalities in behavior [164], [165], dopamine release, dopamine 

receptor expression [164] and plasticity [166] that are consistent with hyperdominergia. 

An exaggerated response to SKF81297 would be consistent with these reports. However, 

other labs have found minimal effects of this transgene, particularly in the hemizygous 

state in the C567/Bl6 strain [167], [168]. Finally, with regards to effect size in the 2015 

Kozorovitskiy et. al report, it is notable that we both observe similar directionality of 

effect and similar increase in variability in the SKF81297 treated group. Increased 

variability can make both false negative and false positive errors more likely and 

requires increasing sample size to achieve appropriate statistical power. In summary, 

these data suggest dopaminergic tone may influence striatal MSN development, and 
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testing for an interaction between mGluR5 signaling and dopaminergic tone would be a 

reasonable next step.  

4.4 In vivo manipulations of mGluR5 suggests compensation 
with chronic loss of receptor  

A key question in developmental studies is “What are the long-term sequelae?” 

Understanding which processes may be reversible and which can only be modified 

during critical developmental windows can guide the development and targeting of 

interventions. Given that mGluR5 dysfunction has been hypothesized to be the lynchpin 

in neurodevelopmental disorders such as autism [120], I wanted to test whether loss of 

mGluR5 function during the early postnatal period could lead to long term changes in 

basal excitatory transmission. I utilized the novel mGluR5 antagonist CTEP, which was 

optimized for long half-life [169] and shown to reverse many symptoms of Fragile X 

Mental Retardation in mice when administered at a dose of 2 mg/kg every 48 hours 

starting at 4-5 weeks of age [123]. When I injected p9 pups with CTEP and recorded 

mEPSCs at p10, I found a significant decrease in mEPSC frequency (Figure 13). To 

determine if these effects would persist in later development, I injected animals every 48 

hours from P7-P13 (which should results in approximately a 1 week blockade of 

mGluR5 activity [123], and recorded mEPSCs at p21. There was no significant difference 

in mEPSC frequency or amplitude between vehicle and CTEP treated animals by p21. 

This suggests that disruption of mGluR5 signaling only during a defined developmental 

window does not result in long term changes in MSN wiring (Figure 13) 
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Figure 13 CTEP effects on MSN mEPSCs are not long-lasting  

A) When given 24 hours before preparation of acute brain slices, CTEP 
significantly reduced D1 mEPSC frequency. B) Blockade of mGluR5 during the second 
postnatal week did not lead to detectable differences in D1 mEPSCs at p20-p21. 

I also examined D1 MSN mEPSCs with genetic elimination of mGluR5. I crossed 

mice lacking mGluR5 (mGluR5 KO) [2] with our Drd1a-tdTomato line [1]. Mice 

heterozygous for the mGluR5 deletion were bred together to produce littermate pairs 

(WT vs KO) for experiments. Global deletion of mGluR5 did not significantly affect 

mEPSC frequency or amplitude, though, similar to the CTEP effect, there was a slight 

trend towards reduced frequency in mGluR5 KO (0.53 +/- 0.05 vs 0.42 +/- 0.05 p = 0.09) 

(Figure 14).  

A significant limitation of using global mGluR5 deletion or in vivo CTEP 

administration is lack of specificity. mGluR5 is expressed by many cell types, including 

cortical neurons that provide input to MSNs. Global mGluR5 KO animals, in layer IV 
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cortical pyramidal neurons, exhibited mEPSC frequency reduction. However, targeted 

cortical deletion of mGluR5 in the same neurons demonstrated no change in mEPSC 

frequency. This suggests that mEPSC effects in cortical neurons of global mGluR5 KO 

animal were secondary to mGluR5 roles in other brain regions. [112]. Therefore, it is 

possible that diverse circuit-level effects and/or chronic compensation in global mGluR5 

KO animals mask the ability to see a role for mGluR5 in regulating D1 MSN mEPSCs.  

To more directly assess the role of mGluR5 in MSNs, I did p0 injections of an 

AAV-Cre-GFP virus in floxed-mGluR5 mice carrying the Drd1a-tdTomato transgene, 

followed by mEPSC recordings at p8-p10. Nearby uninfected cells (GFP(-)) were used as 

controls; GFP expression (GFP(+)) was used as a proxy for mGluR5 elimination. There 

was no significant difference in mEPSC frequency or amplitude with mGluR5 

elimination (Figure 14)  

 

Figure 14 Genetic mGluR5 elimination does not affect D1 MSN mEPSCs  

A) Global KO animals were from a line completely lacking mGluR5 expression. 
Sparse KO was achieved by p0 injection of AAV-Cre-GFP into floxed-mGluR5 animals; 
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uninfected D1 MSNs  (GFP(-)) were used as controls. Neither mEPSC amplitude or 
frequency was significantly affected by either manipulation. 

4.5 Chapter 4 conclusions  

Herein, I examined factors that may interact with mGluR5 to regulate striatal 

MSN glutamatergic synaptic development. NMDAR blockade (pan-NMDAR blockade 

using APV and NR2B-specific blockade using ifenprodil) did not affect striatal mEPSCs 

and did not significantly interact with mGluR5 regulation of striatal excitatory synapse 

maturation. Changes in diet may partially explain the variability in mEPSC frequency, 

but reverting diet to match historical conditions was not sufficient to recover mGluR5 

regulation of striatal mEPSCs. The acetylcholinesterase inhibitor physostigmine did not 

affect mEPSCs in the setting of mGluR5 blockade, suggesting acetylcholine tone may not 

be a variable of interest. However, in vivo administration of the D1 agonist SKF81297 

modestly increased mEPSC frequency, indicating a possible regulatory role for 

dopamine tone. Changes in mEPSCs caused by mGluR5 signaling are likely subject to 

compensation with prolonged loss or blockade of the receptor, as in vivo administration 

of CTEP for 24 hours decreased mEPSC frequency, while no change in mEPSC 

frequency was observed in p20-p21 mice that received CTEP during the second 

postnatal week of development. In agreement with this, genetic elimination of mGluR5 

did not change mEPSC frequency or amplitude. However, I cannot rule out that same 

biological variable that prevented replication of the pharmacological effect of mGluR5 
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blockade in acute brain slices also affected the ability to see changes in MSN mEPSCs 

with genetic manipulations of mGluR5.  
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5. Conclusions and future directions 
The striatum is a critical brain region for learning and expressing motor 

behaviors, yet studies of its development have been limited. My work suggests that the 

metabotropic glutamate receptor, mGluR5, which has known roles in development in 

other brain regions, may also regulate the maturation of striatal excitatory synapses. 

Multiple electrophysiological studies demonstrated blocking mGluR5 activity in the 

early postnatal period could increase excitatory synaptic activity, as measured by 

spontaneous mEPSC activity, changes in paired pulse ratio of evoked responses, and 

assessment of the proportion of silent synapses. This appears to be a developmentally 

restricted effect, as mGluR5 antagonist application in WT animals at p21 did not affect 

mEPSC frequency [98]. However, activating mGluR5 activity in p21-p25 animals using a 

positive allosteric modulator was sufficient to reduce excitatory transmission in WT 

animals [98]. I extended these findings by demonstrating that uncoupling mGluR5 from 

the postsynpatic scaffold was sufficient to reduce excitatory activity in ~p21 WT animals 

(Figure 3). Importantly, this effect was occluded in SAPAP3 KO animals, which already 

exhibit enhanced mGluR5 activity [98], [133], as well as disrupted mGluR5 scaffolding 

(Figure 2). 

Unfortunately, the developmental role of mGluR5 signaling for suppressing 

excitatory transmission was unstable over time. Most significantly, the result could not 

be repeated beginning mid-2014 despite an 18-month concerted effort to identify the 
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cause. Certainly, difficulty in reproducing results could relate to experimental technique 

and scientific rigor. In this case, however, I believe there is a yet-to-be-identified factor 

(possibly dopaminergic tone) gating the ability of mGluR5 to influence excitatory 

synapse maturation.  

Poor experimental technique is an unlikely explanation for these variable results. 

Firstly, both Yehong Wan and I independently generated similar results and 

experienced similar difficulties replicating early developmental data. Secondly, my own 

technical competence was demonstrated by results of multiple other experiments I 

performed, including replication of other published results. Examples include (1) the 

mGluR5-CT experiment demonstrating sufficiency of mGluR5 activation to reduce 

glutamatergic transmission in older animals (Figure 3) originally performed in early 

2014 and replicated in late 2015; (2) studies of membrane excitability (Figure 9) which 

yielded similar results as reported in the literature [11], [26], [36]; (3) effects of in vivo 

SFK81297 administration (Figure 12), similar to 2015 Kozorovitskiy et. al; and (4) 

impairments of corticostriatal long-term depression in DYT1 dystonia models [170], 

similar to [171]. 

 It also seems unlikely that the original result was a spurious false positive 

arising from normal biological variability. Firstly, Yehong Wan and I independently 

replicated this finding in multiple litters of animals tested over an extended period of 

time. Secondly, multiple independent experiments measuring different parameters 
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demonstrated mGluR5-mediated suppression of excitatory synaptic activity. Finally, 

Yehong Wan had a more extensive body of data defining the molecular mediators 

downstream of mGluR5 activity, utilizing genetic mouse lines and several different 

pharmacological agents.  

An important but somewhat tangential note is that the studies I have presented 

(other than the excitability studies) have been focused on a single cell type in the 

dorsolateral striatum, the D1 MSN. While I did perform some studies in D2 MSNs, these 

studies were not conducted in the time period in which mGluR5 antagonism had 

reliable effects on D1 MSN excitatory synapses, and are therefore hard to interpret. 

Similarly, the lack of effect of mGluR5 antagonism on membrane excitability may be 

secondary to the same unknown factor that is gating the effects of mGluR5 on excitatory 

synaptic function. 

Thus, the major questions my work raises is: What might be the identity of this 

unknown gating factor, and what other striatal developmental processes may be 

regulated by mGluR5 signaling? 

5.1 A role for dopaminergic tone? 

Activation of D1 dopamine receptors can greatly enhance the probability of 

spinogenesis in D1 MSNs in response to glutamate uncaging [12]. In my experiments, in 

vivo D1 receptor activation did not result in as robust an increase in mEPSC frequency as 

reported by Kozorovitskiy et al, although my results did reach significance with a one-
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tailed t-test. One potential explanation for the difference in effect size is that the 

Kozorovitskiy et al study used a mouse line reported to be hyperdopaminergic [12], 

[164]–[166] (but see [167], [168]). However, the phenomenon of smaller effect sizes in 

replications of studies compared to original publications is well known, and thought to 

be due, at least in part, to publication bias for positive results. A recent massive effort for 

replicating psychological studies documented that out of 100 studies that were 

replicated, only 37% had significant results (compared to 97% of the original studies) 

and only 47% of effect sizes from the original studies were in the 95% confidence 

interval of the effect size in the respective replication study [172]. While I hope that 

molecular / cellular / electrophysiological studies are more reproducible, to my 

knowledge there is no systematic data estimating reproducibility in our field.  

Despite my observation of a small effect size of in vivo D1 dopamine receptor 

activation, exploring a role for interactions between D1R signaling and mGluR5 is 

attractive. Firstly, mGluR5 can be directly phosphorylated by PKA on the serine 870 

residue. Basally, ~40% of mGluR5 is phosphorylated at this residue in striatum in 6-10 

week old mice, and this amount can be increased by PKA activation. While the 

functional importance of this phosphorylation in neurons remains to be demonstrated, 

in HEK293 cells mGluR5-Ser870 phosphorylation enhanced ERK phosphorylation and 

calcium oscillations downstream of mGluR5 activation [173]. A role for PKA in 

development is supported by the fact that hippocampal LTP can be elicited selectively 
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by PKA activation in early postnatal development [174]. Upstream of PKA activation, 

cAMP delivered via the patch pipette can impair HFS-induced LTD and favor LTP in 

striatal MSNs [175]. PKA activation in MSNs may help shift the downstream signaling 

pathways triggered by mGluR5, as PKA activation of RGS4 can inhibit mGluR5-LTD 

[97]. Appropriate subcellular localization of PKA is likely important; LRKK2 KO mice 

have reduced MSN mESPC frequency and immature spines at p15, and this seems to be 

due to mislocalization / aberrant activation of PKA and subsequent problems regulating 

the actin cytoskeleton. However, while the spines are smaller, the proportion of 

AMPARs to PSD is higher, consistent with a role for PKA in enhancing AMPAR 

recruitment to synapses [49]. Finally, in cortico-striatal co-cultures at DIV 15-16, neither 

MPEP nor dopamine agonists alone affect mEPSC frequency, but their combination 

increased mEPSC frequency and increased spine density in MSNs. [71]. Thus, while 

Kozorovitskiy et al reported no effect of D1 agonism alone in acute slice experiments 

[12], multiple lines of evidence suggest it would be a reasonable next step to test MPEP 

or MTEP in combination with a D1 agonist. 

5.2 Is mGluR5 acting pre-synaptically or post-synaptically in the 
early postnatal striatum?  

Increased mEPSC frequency, particularly when combined with reduced PPR and 

no change in AMPA/NMDA, is often interpreted as increased presynaptic release [148]. 

However, in my minimal stimulation experiments, the stimulation intensities required 

to achieve ~50% failure rate were similar in both MPEP and Vehicle treated slices, 
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providing support for a postsynaptic effect. Additionally, mGluR5 expression is largely 

postsynaptic [176]. Nevertheless, there is structural [104] and functional [109], [177], 

[178] evidence that mGluR5 may be found presynaptically in the striatum, particularly 

in the early postnatal period. However, these functional data suggest a role for 

presynaptic mGluR5 in enhancing (not suppressing) glutamatergic transmission. One 

could speculate that increased presynaptic mGluR5 activity (enhancing glutamatergic 

transmission) could have obscured a postsynaptic effect (reducing glutamatergic 

transmission) that I had been studying previously.  However, were this the case, I would 

have expected selective post-synaptic elimination of mGluR5 (Figure 14) to result in 

decreased basal excitatory neurotransmission. A significant caveat of that experiment is 

that I did not confirm elimination of mGluR5 in my experimental preparation. If these 

studies are repeated in the future, immunohistochemical analysis may be able to 

demonstrate reduced/absent mGluR5 in virally transfected soma compared to nearby, 

uninfected soma. Additionally, when/if the effects of mGluR5 early postnatal MSN 

glutamatergic transmission can be replicated, application of inhibitors of G-protein 

signaling [109] or AMPAR endocytosis [98] specifically to the post-synaptic cell via the 

patch pipette may resolve the locus of the effect more definitively. Based on the 

hypothesis that mGluR5 activity is enhancing AMPAR endocytosis [98], an alternative 

approach that I had pursued (but dropped due to the problems of reproducibility) 

would be to image surface AMPAR at spines using pH-sensitive-GFP-tagged AMPAR 
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subunits [179]. If mGluR5 activity is removing postsynaptic AMPARs, one would expect 

that an mGluR5 antagonist would increase GFP signal at MSN spines in the early 

postnatal period.  

One may also consider that high mGluR5 activity can lead to increased 

endocannabinoid (eCB) tone in the striatum [133], which would be expected to reduce 

presynaptic neurotransmitter release via CB1 receptors. However it is well documented 

that eCB-mediated striatal synaptic depression is temperature dependent [133], [180], 

[181]. Although I cannot exclude that the eCB effects may not be as sensitive to 

temperature in early postnatal development, one of the reasons I performed my 

experiments at room temperature was to minimize eCB effects to better isolate post-

synaptic effects of mGluR5. To better resolve the effects of mGluR5 signaling in early 

postnatal development, it would be reasonable to consider repeating experiments 

examining effect of MTEP on mEPSC at a more physiological temperature (30-35 ᵒC).  I 

predict this experiment would allow detection of both increased presynaptic release 

(due to reduced eCB-mediated suppression of release probability) as well as enhanced 

postsynaptic EPSCs (due to reduced AMPA endocytosis) – even if the latter continues to 

be elusive, the former may be revealed at more physiological temperatures.  

5.3 Other roles for developmental mGluR5 signaling?  

In normal, healthy neuronal circuits, the destabilizing influences of Hebbian 

plasticity are counterbalanced by homeostatic processes [182]. For example, in cortex 
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and hippocampus neuronal activity driving expression of Homer1a can cause 

uncoupling mGluR5 from the postsynaptic scaffold, increasing mGluR5 constitutive 

activity, leading to homeostatic reduction of AMPARs [65]. Thus it is possible that the 

tonic mGluR5 I have described enables homeostatic counterbalancing of developing 

excitatory transmission in the striatum. This is not necessarily a mechanistically distinct 

function from maintaining silent synapses, as both homeostatic scaling and synapse 

silencing can employ AMPA receptor endocytosis. Additionally, the CTEP and mGluR5 

genetic elimination studies I performed suggest that chronic disruption of mGluR5 in 

the striatum in the early postnatal period could lead to compensation, possibly by 

activating additional homeostatic mechanisms that are yet to be elucidated – 

homeostatic plasticity can also act at the network level, adjusting inhibitory tone to 

balance changes in excitatory tone, and vice versa [182].  

 Activity of mGluR5 may also affect inhibitory synapses. In the CA3 region of the 

hippocampus, mGluR5 signaling through PKC activation can enhance the activity of the 

chloride-ion exporter, KCC2 [183]. The early developmental period is characterized by 

relatively low levels of KCC2 and relatively high levels of the chloride-ion importer 

NKCC1; changes in the chloride gradient due to the shifting expression of NKCC1 and 

KCC2 receptors can shift GABA from acting as an excitatory neurotransmitter to an 

inhibitory one [184]. Thus, by enhancing the activity of KCC2, mGluR5 could promote 

inhibitory synaptic currents. Providing further support for mGluR5-enhancement of 
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inhibitory synapses, the frequency of mIPSCs is reduced in Layer IV cortical pyramidal 

neurons lacking mGluR5 [112]. Thus, mGluR5 may act at the network level to both 

suppress excitatory transmission and promote inhibitory transmission. However studies 

of KCC2 regulation, expression, and mechanisms of action are revealing increasing 

complexity, such as: regulation of activity and levels by neuronal activity as well as over 

developmental time; multiple methods of post-translational regulation; roles in 

regulation of excitatory as well as inhibitory synapse maturation; and scaffolding roles 

in addition to functional regulation of intracellular chloride concentration [185]. Thus, 

elucidating the role of KCC2 in the regulation of striatal development will require 

careful study design.  

 As mentioned in the introduction, mGluR5 may also be acting by regulating 

glial activity. Indeed, the early postnatal peak of mGluR5 is mostly due to regulation of 

the mGluR5a isoform [100], and glial cells express more mGluR5a than mGluR5b in this 

time period [103], suggesting that a substantial proportion of developmental regulation 

of mGluR5 levels could reflect glial mGluR5 expression. Thus, mGluR5 would be 

expected to regulate early postnatal glial activity, which could in turn regulate the 

maturation of the striatal microcircuit. Glia have been found to play a role in enhancing 

homotypic (D1-D1 or D2-D2) MSN interactions in the P12-P18 striatum [109]. 

Interestingly, the authors of that study suggested glial release of glutamate may activate 
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Group I mGluRs on glutamatergic nerve terminals, although these studies did not rule 

out a role of mGluR5 acting within glial cells.  

 Disentangling which cell types are modulated directly by mGluR5 activity or 

indirectly by mGluR5 actions on other cells in the microcircuit will require the 

development of tools to manipulate mGluR5 activity in a more spatio-temporally 

defined manner. Current pharmacological approaches are hampered by lack of spatial 

resolution. Spatial resolution is required not only at the cellular level, but also at the sub-

cellular level, given that mGluR5 may utilize different signaling pathways in different 

subcellular locations [90]. Biased agonists, which selectively promote specific 

downstream signaling pathways, will be useful in this endeavor [186]. For example, an 

mGluR5 agonist which selectively enhances G-alpha-q signaling (avoiding mGluR5-

enhancement of NMDAR signaling) was recently described [187]. As more biased 

agonists and antagonists are developed for mGluR5 signaling, a clearer understanding 

of its functional roles may be achieved. Spatially, more targeted application of 

pharmacological agents could be achieved by iontophoresis (instead of in vivo or bath 

application), inclusion of the agents selectively in the patch pipette, or the development 

of caged molecules that can be freed by photolysis of the cage. Given the increasing cost 

and complexity of these approaches, it will first be important to have good preliminary 

data about which pathways to pursue, in which cell types.  
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 Recent developments in genetic engineering also hold a great deal of promise. 

As the CRISPR-Cas9 system continues to mature, it should be possible to manipulate 

mGluR5 activity in a more nuanced fashion, for example by enhancing or repressing 

transcription, or promoting or inhibiting degradation of the mGluR5 protein by 

introduction of small protein tags [188]. Similarly, molecular tags such as the biotin 

ligase BirA [189] could also be used to identify proteins natively interacting with 

mGluR5 in specific cell types, at different developmental stages or in different 

pathological conditions. Thus, advancements in pharmacological and genetic 

manipulations of mGluR5 should allow a more precise understanding of how, when, 

and where mGluR5 affects striatal circuitry.  

5.4 Is there a shifting developmental window?  

A poorly understood aspect of striatal organization is patch/matrix 

compartmentalization, reviewed in [3], [190]. The matrix represents the bulk of the 

striatum, within which lie biochemically distinct "patches" (presumably named for their 

appearance in brain sections, but which are actually interconnected in three-dimensional 

space). These compartments show biochemical and anatomical differences. For example, 

patches have relatively weak acetylcholinesterase and parvalbumin staining, versus 

strong enkephalin and µ-opiod receptor staining, and patches preferentially receive 

innervation from limbic areas and project to the SNc. However, these divisions are not 

absolute (e.g. patches still have some acetylcholinesterase staining, and send collaterals 
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to GPe, GPi and SNr), making it particularly laborious to identify them in living tissue to 

study functional differences. Just as cell-type-specific functional studies of D1 and D2 

MSNs were facilitated by the development of BAC transgenic lines, functional studies of 

striatal patches versus matrix have been facilitated by a prodynorphin BAC [7], [86], 

[191].  

Because I did not identify patch and matrix compartments in my studies, it is 

possible that the heterogeneity of recording from a mixture of patch and matrix MSNs 

created additional variability that has made drug effects harder to distinguish.  

However, given the spatial overrepresentation of the matrix in comparison to the patch 

compartment and the fact that my studies were initially stable and reproducible but only 

later became unreliable, I consider this an unlikely possibility. Nevertheless, an 

interesting aspect of striatal development is that the most mature neurons are found in 

patches while later-born neurons are found in the matrix [192]. Dopaminergic 

innervation arrives first at patches [193], with implications for driving MSN maturation, 

as detailed in the introduction. Thus, studying MSNs in the patch versus the matrix 

compartments could provide a way to efficiently interrogate MSNs at different stages of 

development. Given that different environmental conditions can both accelerate or 

retard neuronal development, this could allow relatively efficient screening of mGluR5 

effects at different stages of maturation.  



 

61 

5.5 Implications for Behavior 

Given the critical role of the striatum in regulating motor behavior, it is 

interesting to consider the potential behavioral effects of disrupting or altering striatal 

maturation. In addition to the thalamo-cortico-striatal loops, the striatum also has 

important projections, via the substantia nigra, to brainstem nuclei important for 

controlling muscle tone and locomotion [194]. Maturation of striatal GABAergic currents 

and loss of spontaneous Ca++ spiking in MSNs correlates with onset of adult-like 

quadrupedal locomotion, which has been suggested to allow for locomotion to be 

appropriately volitionally controlled through striatal activity [26]. Both gross anatomical 

lesions [195] as well as more targeted manipulations of MSN activity [196], can impair 

performance on the rotarod motor coordination / motor learning task, further 

supporting a role for the striatum in modulating this type of locomotor behavior. Thus, 

it may be reasonable to test, using the rotarod task, whether disruptions of mGluR5 in 

the early postnatal period may have consequences for locomotor performance. If 

activity-dependent wiring is modulated by mGluR5 and important for appropriate 

striatal modulation of locomotion, one would predict deficits in acquisition of the ability 

to run on the rotarod, or an impairment in rotarod performance overall.  

  More generally, studies across multiple animal models in multiple labs support 

the idea that the striatum, in addition to its role in motor performance, can play key 

roles in Pavlovian as well as instrumental learning [4]. It has even been suggested that 
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"attention", the ability to filter multiple inputs based on top-down and bottom-up 

influences, may arise as a by-product of striatal computations [197]. This theory fits with 

evidence suggesting a role for striatal dysfunction in neurodevelopmental disorders 

such as attention deficit hyperactivity disorder (ADHD) [198], and autism [199], in 

which attention is generally either too unfocused or too rigid, respectively. Lesions of 

the striatum can disrupt not only innate behavioral sequences, such as grooming [200], 

but can also impair learning / performance of instrumental actions [201]–[203]. Thus, if 

activity-dependent wiring of the striatum is disrupted, one may expect to find 

disruptions in instrumental learning, especially in the presence of distracting 

information.  

5.6 Final thoughts 

Given the developmental regulation of mGluR5 expression in the striatum 

(Figure 4), and the many developmental roles ascribed to this receptor in other brain 

regions, mGluR5 is likely to regulate aspects of striatal maturation. While I provide 

evidence that under certain conditions, mGluR5 can regulate excitatory synaptic 

transmission, ultimately my studies raise the question as to why these effects were 

unstable. Based on my limited exploration of a wide range of potential interacting 

factors, a role for mGluR5 signaling interacting with dopaminergic signaling seems like 

the most promising lead. Future studies may also implicate mGluR5 in regulation of 
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other striatal cell types, including glia, as well as in other types of connections, such as 

inhibitory synapses.  

Understanding the developmental biology of the striatum may be very 

informative for treating neurodevelopmental disorders. It is especially promising that 

the striatum is remarkable plastic. In line with chronic CTEP during a defined 

developmental window showing no lasting effects on basal neurotransmission, (Figure 

13) the Calakos lab has shown that mGluR5 antagonism in adult SAPAP3 KO animals 

can restore behavioral [135] and electrophysiological abnormalities [98], [133], [135]. 

Similarly, selective Shank3 expression after 2-4.5 months of age can rescue abnormalities 

in striatal neurotransmission, spine density, and grooming behaviors [204] and 

suppression of D2 receptor overexpression selectively in adulthood after prolonged 

expression throughout development can rescue changes in dendritic arborization and 

reductions in striatal volume [46]. Thus, particularly for striatal disorders, 

understanding how a developmental process went awry may allow us to effectively 

intervene even in adulthood.  
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Appendix A: Materials and Methods 

Mouse experimental subjects: All animal procedures were performed in accordance with 

protocols approved by the Institutional Animal Care and Use Committee of Duke 

University. Experiments were performed on both male and female C57BL/6 mice, 

hemizygous for Drd1a-tdTomato[1] to distinguish the two major subtypes of medium 

spiny neurons. Floxed-mGluR5 and mGluR5 KO mice [2] were used for some 

experiments as noted. Animals aged p8-p10 were used, unless otherwise noted.  

Electrophysiological solutions: High-sucrose aCSF (~350 mOsms) contained (in mM): 

194 sucrose, 30 NaCl, 4.5 KCl, 1.2 NaH2PO4, 0.2 CaCl2 , 2 MgCl2 , 26 NaHCO3, and 10 

D-(+)-glucose. Standard aCSF (307-310 mOsm) contained: 124 NaCl, 2.5 KCl, 1.2 

NaH2PO4, 2 CaCl2, 1 MgCl2, 26 NaHCO3, and 10 D-(+)-glucose. Pipette internal 

solution for mESPC recordings (pH 7.2, 300-302 mOsms) contained (in mM): 103 CsOH, 

103 D-gluconic acid, 2.8 NaCl, 5 TEA-Cl, 20 HEPES, 0.2 EGTA, 5 Lidocaine N-ethyl 

chloride, 4 ATP·xMg, 0.3 GTP·xNa, 10 Na2·Phosphocreatine. A similar internal was used 

for PPR, AMPA/NMDA and minimal stimulation experiments, except that it also 

contained 10 mM BAPTA to buffer calcium while holding the cells at depolarizing 

membrane potentials. To replicate prior SKF studies [12], a choline cutting solution was 

used for slice preparation instead of sucrose aCSF, and an EGTA-free internal was used. 

Choline cutting solution, in mM: 110 Choline chloride, 4.5 KCl, 1.25 NaH2PO4, 2.5 

NaHCO3, 25 glucose, 1 CaCl2, 7 MgCl2. EGTA-free internal, (pH 7.2, 300-302 mOsm) in 



 

65 

mM: 120 CsOH, 120 methansolufonic acid, 15 CsCl, 8 NaCl, 10 TEA-Cl, 10 HEPES, 2 

Lidocaine N-ethyl chloride, 4 ATP·xMg, 0.3 GTP·xNa.  

Acute brain slice preparation and recordings: Slices were prepared from p8-p21 mice as 

described previously[98]. In brief mice, if older than p15, were anesthetized and 

transcardially perfused with ice-cold carboxygenated high-sucrose artificial 

cerebrospinal fluid (aCSF). After rapid decapitation, 300 µm coronal sections were 

prepared using a Leica VT1000S vibratome, while maintaining the brain in ice-cold high-

sucrose aCSF or choline cutting solution. After a one hour recovery period in 

carboxygenated standard aCSF at room temperature, recordings were made at room 

temperature from D1 (tdTomato positive) or putative D2 (tdTomato negative) MSNs. 

Pipette resistances ranged from 2 – 4 MΩ. Access resistance was monitored and 

recordings were eliminated if access resistance became > 30 MΩ or changed more than 

30% over the course of the recording. For voltage clamp recordings, cells were held at -

70 mV unless otherwise noted. mEPSCs were analyzed off-line using miniAnalysis 

(Synaptosoft); 2-3 mins of recording were analyzed for each cell, amplitude thresholds 

was generally set at 6 pA and area threshold was generally set to 15; all events were 

manually reviewed for quality control. Stimulation (as indicated) was delivered using a 

bipolar electrode (FHC, Cat#CBARC75). For current clamp recordings, cells were 

discarded if resting membrane potential was > -60 mV. Cells were injected with a series 

of 800 msec current steps, starting at -80 pA and going up to 200 pA, in 10 pA 
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increments. Each series of current steps was repeated 3 times to obtain average 

responses for each cell. Resting membrane potential was recorded right after achieving 

whole cell configuration, to minimize effects of dialysis-induced changes in cellular ion 

concentrations. Input resistance was calculated as the slope of the voltage change where 

voltage was linearly related to current (from -50 to -20 pA of current). 

Pharmacological agents: All recordings were performed in the presence of 50 µM 

picrotoxin to isolate excitatory synapses. For mEPSC recordings, tetrodotoxin (1 µM) 

was included in the recording aCSF. Other drugs were utilized at the following 

concentrations (in µM) as indicted in the text: 2-methyl-6-(phenylethynyl)pyridine 

(MPEP), 40; 3-[(2-Methyl-1,3-thiazol-4-yl)ethynyl]-pyridine (MTEP), 20; D-(-)-2-Amino-

5-phosphonopentanoic acid (APV), 50;  threo Ifenprodil hemitartrate (ifenprodil), 3;  

Eserine hemisulfate salt (physostigmine), 2. For in vivo dosing, subcutaneous injections 

were performed of SKF81297 (5 mg/kg in 0.9% Saline (w/v)) and 2-chloro-4-((2,5-

dimethyl-1-(4-(trifluoromethoxy)phenyl)-1H-imidazol-4-yl)ethynyl)pyridine (CTEP) 2 

mg/kg in 0.3% Tween-80 (v/v) and 0.9% Saline (w/v)). All drugs were sourced from 

Tocris, except as follows: CTEP (Axon), MPEP (Tocris and HelloBio), physostigmine 

(Sigma). mGluR5-CT and mGluR5-MU peptides (YGRKKRRQRRR-ALTPPSPFR and 

YGRKKRRQRRR-ALTPLSPRR)[68], [205] were  synthesized  at  the University of Texas 

Southwestern Protein Chemistry Technology Center. The TAT-sequence 

(YGRKKRRQRRR) was originally included to make the peptide cell-permeable for bath-
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application (5 µM). As those experiments did not show a treatment effect, the peptide 

was applied at 200 µM (dissolved in the same internal used for mEPSC experiments) in 

the patch pipette).  

Viral injections Mice were injected at p0 with 200-300 µL of rAAV8-hSyn-Cre-EGFP 

(4.7x10^12 molecules / mL) from the University of North Carolina Viral Vector Core 

Facility, using a Nanoject II (Drummond). 

Western immunoblotting and immunohistochemistry Acute coronal slices (300 – 600 µm 

thick) were made from mice aged p4, p8, p10, p14, p18, and p22. Striata were dissected 

out in chilled phosphate buffered saline. Tissue was then homogenized on ice in lysis 

buffer (50mM Tris-HCl, 100mM NaCl, 2% SDS, pH 7.4, with cOmplete Mini EDTA-free 

protease inhibitor (Roche #04693116001), extracted for 1-2 hours at 4°C on a rotator, and 

centrifuged at 16000 x g for 30 minutes at 4°C. Protein concentration of supernatant was 

measured using the Pierce BCA assay (Thermo Fisher Scientific #23225). Protein was 

resolved on a 4-20% Mini-PROTEAN TGX polyacrylamide gel (Bio-Rad), transferred to a 

nitrocellulose membrane, blocked in TBS-T + 5% non-fat dry milk. Blots were probed 

with anti-mGluR5, anti-Homer-long, anti-Shank3, anti-SAPAP3, and anti-PSD-95 

antibodies. To control for gel loading, blots were additionally probed with anti-β-actin 

(Chemicon, MAB1501). A Licor system was used to image blots and densitometry was 

performed using ImageJ. 
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Statistical analysis For mEPSCs, t-tests were performed to assess significance of 

differences in frequency and Wilcoxon tests were performed to assess significance of 

differences in amplitude given the non-parametric nature of the latter. For PPR and 

AMPA/NMDA experiments, t-tests were performed. For input-output curves (mGluR5-

CT) experiments, repeated-measures ANOVA was used.  

For characterization of membrane properties, MANOVA was performed to avoid Type I 

errors due to running multiple t-tests on the same dataset. This statistical analysis 

indicted primary effects of cell type and age, but no drug effect or interactions.  RMP, IR, 

and rheobase were the dependent variables, and cell type, age and treatment were 

independent variables. MANOVA indicated a significant primary effect of age and cell 

type, but no primary effect of drug treatment and no significant interacting effects. 

Further statistical analysis of each dependent variable demonstrated a significant effect 

of age and cell type on input resistance ( *p = 0.0004 and * p = 0.0005 respectively) and 

rheobase ( *p = 0.0012 and * p < 0.0001 respectively), and a significant effect of cell type 

on resting membrane potential (* p = 0.0004). Power analysis of RMP (MTEP vs. Vehicle) 

suggests I would need to record >400 cells to resolve a biological difference given 

variability, and that the current sample size would be likely to resolve a difference of 7.5 

or 5.7 mV at p10 and p12 respectively.  
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