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Abstract

Excessive activation of the N-Methyl-D-Aspartate (NMDA) receptor and the neurotransmitter 

dopamine (DA) mediate neurotoxicity and neurodegeneration under many neurological 

conditions, including Huntington's disease (HD), an autosomal dominant neurodegenerative 

disease characterized by the preferential loss of medium spiny projection neurons (MSNs) in the 

striatum. PSD-95 is a major scaffolding protein in the postsynaptic density (PSD) of dendritic 

spines, where a classical role for PSD-95 is to stabilize glutamate receptors at sites of synaptic 

transmission. Our recent studies indicate that PSD-95 also interacts with the D1 DA receptor 

localized in spines and negatively regulates spine D1 signaling. Moreover, PSD-95 forms ternary 

protein complexes with D1 and NMDA receptors, and plays a role in limiting the reciprocal 

potentiation between both receptors from being escalated. These studies suggest a neuroprotective 

role for PSD-95. Here we show that mice lacking PSD-95, resulting from genetic deletion of the 

GK domain of PSD-95 (PSD-95-ΔGK mice), sporadically develop progressive neurological 

impairments characterized by hypolocomotion, limb clasping, and loss of DARPP-32-positive 

MSNs. Electrophysiological experiments indicated that NMDA receptors in mutant MSNs were 

overactive, suggested by larger, NMDA receptor-mediated miniature excitatory postsynaptic 

currents (EPSCs) and higher ratios of NMDA- to AMPA-mediated corticostriatal synaptic 

transmission. In addition, NMDA receptor currents in mutant cortical neurons were more sensitive 

to potentiation by the D1 receptor agonist SKF81297. Finally, repeated administration of the 
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psychostimulant cocaine at a dose regimen not producing overt toxicity-related phenotypes in 

normal mice reliably converted asymptomatic mutant mice to clasping symptomatic mice. These 

results support the hypothesis that deletion of PSD-95 in mutant mice produces concomitant 

overactivation of both D1 and NMDA receptors that makes neurons more susceptible to NMDA 

excitotoxicity, causing neuronal damage and neurological impairments. Understanding PSD-95-

dependent neuroprotective mechanisms may help elucidate processes underlying 

neurodegeneration in HD and other neurological disorders.

Introduction

Preferential loss of striatal medium spiny neurons (MSNs) is a hallmark of Huntington's 

disease (HD), an inherited autosomal dominant neurological disorder characterized by 

cognitive impairment, psychiatric disturbances, and motor disability irreversibly progressing 

to death 10-20 years after the onset of symptoms. Although the genetic basis (i.e. the gene 

encoding huntingtin or Htt) and pathological features (polyglutamine (polyQ) expansion in 

the N-terminal of Htt) have been at least partially identified (HDCRG, 1993), intensive 

studies have yet to pinpoint the precise molecular and cellular mechanisms by which MSNs 

die in HD (Levine et al., 2004; Cha, 2007; Milnerwood and Raymond, 2010). In particular, 

the ubiquitous expression of Htt does not explain the relatively selective nature of MSN loss, 

and studies on genetically engineered mice suggest that polyQ extension on Htt is neither 

necessary nor sufficient for MSN degeneration. It has become evident that while polyQ 

expansion on Htt may trigger HD, the preferential vulnerability of MSNs may underlie their 

selective and progressive demise. Thus understanding the mechanisms that regulate MSN 

vulnerability is fundamentally important.

Several lines of evidence support roles for dopamine (DA)- and N-Methyl-D-Aspartate 

(NMDA)-mediated toxicity in MSN degeneration. In the striatum, DA and glutamate axon 

terminals converge on the same dendritic spines on postsynaptic MSNs, forming “synaptic 

triads” (Freund et al., 1984; Goldman-Rakic et al., 1989; Carr and Sesack, 1996; Yao et al., 

2008). Both D1, the predominant D1-class DA receptor, and the NMDA receptor (NMDAR) 

are concentrated in spine heads and the postsynaptic density (PSD) of MSNs, where most 

corticostriatal glutamatergic synapses are formed (Hersch et al., 1995). The striatum 

receives the densest DA innervation of the brain, and HD progresses according to a 

dorsoventral gradient corresponding to the gradient of DA concentration, suggesting that 

DA signaling participates in the preferential and progressive vulnerability of MSNs in HD. 

Indeed, DA can regulate striatal neuron viability via receptor-independent mechanisms 

involving oxidative stress-induced apoptosis as well as receptor-dependent mechanisms 

(Bozzi and Borrelli, 2006). Sustained elevation of extracellular DA causes selective 

degeneration of MSNs (Cyr et al., 2003). Furthermore, the elevated DA tone can also 

enhance the deleterious effects of polyQ- expanded Htt on striatal function in a mouse 

model of HD, accompanied by accelerated formation of mutant Htt aggregates in striatal 

projection neurons (Cyr et al., 2006).

The involvement of NMDAR-mediated excitotoxicity in MSN degeneration has also been 

well documented (Choi, 1988; Levine et al., 2004; Fan and Raymond, 2007). First, 
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NMDARs are disproportionately lost in the putamen of human HD patients, even in the 

presymptomatic stage of the disease (Young et al., 1988; Albin et al., 1990). Second, 

injection of the NMDAR agonist quinolinic acid (QA) into monkey striatum results in 

behavioral, neurochemical, and neuropathological abnormalities similar to changes seen in 

HD patients (Hantraye et al., 1990). Third, intrastriatal injection of QA in rodents selectively 

destroys MSNs but spares interneurons known to be resistant to degeneration in HD (Beal et 

al., 1986). Finally, transgenic mouse models harboring mutant Htt show increased sensitivity 

to NMDAR excitotoxicity, mediated primarily by the NR2B-containing receptors (Levine et 

al., 1999; Zeron et al., 2002; Fan and Raymond, 2007). Thus, mechanisms regulating 

NMDARs (expression, subunit composition, synaptic targeting and modulation by DA) may 

dictate MSN vulnerability.

PSD-95 is a prominent member of the MAGUK (membrane-associated guanylate kinases) 

family synaptic scaffolds in excitatory synapses (Kim and Sheng, 2004). PSD-95 interacts 

with NMDA NR2 subunits through its first two PDZ domains, which may play a role in 

functionally localizing these receptors in the synapse (Kim and Sheng, 2004). We and others 

have shown that PSD-95 also interacts with DA D1 receptor via the C terminus of the 

receptor and the N terminus of PSD-95 (Zhang et al., 2007; Kruusmagi et al., 2009; Sun et 

al., 2009; Ha et al. 2012), an interaction that regulates D1 trafficking (Zhang et al., 2007). 

Consequently, PSD-95, D1, and NMDARs may form a multiprotein complex. Within the 

complex, PSD-95 may inhibit the physical association between D1 and NMDARs and 

functionally uncouple D1 receptor trafficking and signaling from modulation by NMDARs 

(Zhang et al., 2009). These data suggest that PSD-95 plays an important role in survival of 

neurons, especially MSNs that distinguish themselves from other neuronal populations by 

their rich DA innervation, via regulating localization, trafficking, and stabilization of both 

NMDA and DA receptors in the synapse, and by balancing the interplay between DA and 

glutamate systems in spines and synapses.

We previously described a unique transgenic mouse strain in which a targeted deletion of 

the GK (Guanylate Kinase-like) domain of PSD-95 completely abolishes the production of 

the full-length PSD-95 (Yao et al., 2004). Mice lacking PSD-95 display impaired learning 

(Migaud et al., 1998), enhanced locomotor sensitivity to psychostimulants and DA agonists 

(Yao et al., 2004; Zhang et al., 2007), and altered behavioral responses to hallucinogen, 

antipsychotics, and alcohol (Abbas et al., 2009; Camp et al., 2011). Over the years working 

with our mouse colony, we have observed sporadic and progressive neurological 

impairments in a subset of mutant mice, including motor defects, limb clasping, and striatal 

neurodegeneration. In this study, we have characterized these phenotypes at the behavioral, 

immunohistochemical, and electrophysiological levels. Our results suggest that enhanced 

DA D1 receptor-mediated signaling and excessive DA-glutamate interaction in the absence 

of PSD-95 contribute to striatal NMDA receptor hyperfunction, MSN cell death, and the 

neurological phenotypes observed in mutant mice.
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Results

Motor and Neurological Impairments in PSD-95-ΔGK Mice

The PSD-95-ΔGK mice were engineered to carry a stop codon inserted in frame into exon 

13 of the PSD-95 gene, intended to remove the GK domain of the protein. Unexpectedly, 

homozygous mice for this mutation do not produce detectable levels of PSD-95, thus 

representing a null strain of PSD-95 (Yao et al., 2004). The reason for the complete loss of 

PSD-95 in mutant mice remains unknown, but is likely due to the premature stop codon and 

non-sense mediated mRNA decay. The PSD-95-ΔGK homozygote females are sterile. 

Heterozygous mice were intercrossed and the genetic features of the mice were determined. 

From 37 litters, 268 mice were genotyped at p11: 89 (33%) were wild type (WT), 145 (54%) 

were heterozygotes, and 34 (13%) were homozygotes, demonstrating a distortion from the 

expected Mendelian ratio.

In locomotor activity tests, PSD-95-ΔGK homozygous mice were substantially less active, 

consistently traveling shorter distances when placed in a novel environment compared with 

their WT littermates (Figure 1a). The total horizontal and vertical activity was significantly 

reduced in homozygous mutant mice (Figure 1b). In follow-up locomotor tests in the same 

chambers, PSD-95-ΔGK homozygotes displayed consistently lower locomotor activity on 

subsequent days (Figure 1c). Interestingly, heterozygous mice displayed intermediate 

locomotor activity between WT and homozygous mutant mice, suggesting a potential gene 

dosage effect. These results support and extend the hypoactivity phenotype previously 

reported for these mice (Yao et al., 2004; Zhang et al., 2007).

To investigate other aspects of motor dysfunction in PSD-95-ΔGK mice, we performed a 

beam walking assay (Stanley et al., 2005; Allbutt and Henderson, 2007) that measures motor 

coordination. During beam walking tests, mice walk on an elevated beam and the time a 

mouse travels on the beam, the number of foot slips, and the number of falls are measured. 

PSD-95-ΔGK mice took significantly longer time traveling from one end of an elevated 

beam to the other end and had significantly more foot slips while on the beam (Figure 1d), 

suggesting motor coordination impairments associated with these mice.

In addition to the hypoactivity and motor coordination deficits, we also observed other 

neurological phenotypes associated with the mutant mice (Figure 2). These phenotypes 

include occasional signs of seizure, increased alertness and stress during handling (such as 

the removal of a cage lid or removal/return of cagemates), and dyskinesia of the limbs 

(Figure 2a). When suspended by their tail, a subpopulation of mutant mice retracted their 

limbs toward their trunks in a dystonic fashion, rather than extending them as observed in 

WT (Figure 2a). The severity of the phenotype varied from short clasping between 

hindlimbs or forelimbs and between hind and forelimbs to full body clasping that maintained 

for the duration of the test (Figure 2a). In a controlled study using a cohort of 132 mice, we 

observed that the majority of homozygous mutants (>70%), as well as a small population of 

heterozygotes (∼23%), displayed the limb clasping phenotype to various degrees (Figure 

2b). The limb clasping phenotype started as early as 4 weeks and was progressive and more 

severe in older mice (Figure 2c).
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Striatal Neurodegeneration in Aged PSD-95-ΔGK Mice

Hindlimb clasping is a manifestation of motor dysfunction often linked to striatal 

degeneration (Mangiarini et al., 1996; Reddy et al., 1998; Yamamoto et al., 2000; 

Mantamadiotis et al., 2002; Cyr et al., 2003). To determine whether neurodegenration occurs 

in the striatum of PSD-95-ΔGK mice, we carried out immunohistochemical and quantitative 

stereological analysis of the striatal integrity in young (3-month) and aged (>12-month-old) 

symptomatic PSD-95-ΔGK mice and age-matched WT littermates (Figure 3). We focused 

on MSNs, the GABAergic projection neurons in the striatum that account for 90-95% of 

total striatal cell populations. MSNs are particularly prone to damage by excitotoxicity, DA 

toxicity, or oxidative stress, and are preferentially targeted for degeneration in HD. We 

identified MSNs by immunohistochemical staining with an antibody against DARPP-32 

(Dopamine- and cAMP-regulated phosphoprotein, Mr 32 kDa; Figure 3b,c), a molecular 

marker of MSNs. DARPP-32-positive cells from serial striatal sections were analyzed by 

stereology to estimate the total MSN number, striatal volume, and MSN density. There was 

a significant loss of total DARPP-32-positive cells and cell density in the striatum of aged 

PSD-95 deficient mice compared to WT controls (Figure 3d,e). Striatal volume was also 

significantly reduced in aged mutant mice (Figure 3f). In comparison, cell count and cell 

density were modestly reduced in young PSD-95-ΔGK mice, but the reduction did not reach 

significance levels (Figure 3d,e). The striatal volume was similar between young mutants 

and their WT controls (Figure 3f). Some PSD-95-ΔGK mice also displayed an enlarged 

ventricle (Figure 3b), a hallmark of striatal neurodegeneration (Dragatsis et al., 2000; 

Yamamoto et al., 2000). Finally, direct comparison of WT striatum at different ages also 

revealed an age-dependent loss of MSNs, as DARPP-32-positive cells were significantly 

fewer in >1-yr-old mice compared to 3-month-old mice. Together, these results suggest that 

a portion of striatal MSNs is lost as mice age and the absence of PSD-95 may speed up the 

degeneration process.

Increased Striatal NMDAR Activity in PSD-95-ΔGK Mice

Synaptic dysfunction and pathophysiology often precede neurodegeneration and the onset of 

symptoms and are considered to be a mechanism that renders neurons and synapses more 

prone to damage. In particular, abnormal enhancement of NMDAR activity is thought to 

mediate the increased sensitivity of MSNs to excitotoxicity in mouse models of HD 

(Milnerwood and Raymond, 2010). Thus, we characterized striatal NMDARs in young 

(p30-p50) PSD-95-ΔGK mice; mutant mice at these ages are generally pre-symptomatic 

(Figure 2) which allows us to determine whether NMDAR function is already disturbed that 

may contribute to the neurological phenotypes observed in the symptomatic mice at older 

ages. We first measured the ratio (NMDA/AMPA ratio) of excitatory postsynaptic currents 

(EPSCs) mediated by NMDA and AMPA (α-Amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid) receptors. We employed a kinetics-based method, which allowed 

AMPAR- and NMDAR-mediated components to be distinguished based on their different 

activation and inactivation kinetics (Figure 4). The NMDA/AMPA ratio was significantly 

increased in the MSNs of PSD-95-ΔGK mice compared to age-matched WT mice. To 

directly monitor AMPAR-mediated corticostriatal transmission in PSD-95-ΔGK mice, we 

recorded miniature EPSCs (mEPSCs) at -60 mV in the presence of extracellular Mg2+ 

(Figure 5). No difference was found in the amplitude of AMPA-mEPSCs between WT and 
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mutant mice (Figure 5a, b), suggesting that postsynaptic AMPARs are normal in PSD-95-

ΔGK mice. Thus, the increased NMDA/AMPA ratio in the mutant synapse was likely due to 

an enhancement in NMDAR number and/or function. The frequency of AMPA-mEPSCs 

was significantly reduced in mutant mice (Figure 5c), suggesting a decrease in the 

probability of neurotransmitter release. This presynaptic impairment is consistent with the 

recognized role of PSD-95 in presynaptic terminal development and maturation (El-Husseini 

et al., 2000; Futai et al., 2007).

To directly test the hypothesis that postsynaptic NMDAR number and/or function was 

enhanced in PSD-95-ΔGK mice, we analyzed NMDAR-mediated mEPSCs (NMDA-

mEPSCs) at -60 mV. Following the recording of AMPA-mEPSCs, extracellular Mg2+ was 

removed to record the total mEPSCs mediated by both AMPARs and NMDARs (Figure 5d). 

NMDA-mEPSC was then calculated by subtracting the average AMPA-mEPSC from the 

average total mEPSC and measured as the charge transfer. This analysis showed a 

significantly increased NMDA-mEPSC in PSD-95-ΔGK mice (Figure 5e). Together, striatal 

NMDAR activity is enhanced in PSD-95-ΔGK mice.

Enhanced Modulation of NMDAR Currents by D1 Activation in PSD-95-ΔGK Cortical 
Neurons

We hypothesized that the enhanced NMDAR activity in PSD-95-ΔGK mice was due, at 

least in part, to increased D1 signaling and D1-dependent modulation in these mice (Zhang 

et al., 2007; Zhang et al., 2009). We tested this hypothesis by measuring the potentiation of 

NMDAR-EPSCs in prefrontal cortex neurons by SKF81297, a D1/D5-selective agonist 

(Figure 6). We used cortical pyramidal neurons in this experiment because D1 and D2 DA 

receptors are segregated into different populations of neurons in the striatum (Gerfen, 1992), 

and without live fluorescence labeling it was not feasible to identify D1-expressing MSNs. 

NMDA-EPSCs were recorded from layer V pyramidal cells at -60 mV in the presence of the 

AMPAR antagonist CNQX (6-cyano-7-nitroquinoxaline-2,3-dione; 20 μM) and in the 

absence of Mg2+. In WT mice, a brief bath application of SKF81297 at a low dose (1 μM) 

significantly potentiated NMDA-EPSCs (152.2 ± 2.7% vs. baseline (101.3 ± 1.0%), 

measured at 50 min, p < 0.05). The delayed and long-lasting potentiation (often irreversible 

after agonist washout) is consistent with the literature and is mediated by modulation of 

postsynaptic D1 receptors (Seamans et al., 2001). This lasting potentiating response was 

significantly increased in PSD-95-ΔGK mice (WT, 152.2 ± 2.7%; ΔGK, 181.3 ± 6.4%; 

measured at 50 min; p < 0.05), suggesting that NMDARs in the mutant mice are more 

sensitive to D1 activation.

Repeated Cocaine Treatments Exacerbate Limb Clasping in PSD-95-ΔGK Mice

The results presented above are consistent with elevated D1 signaling and stronger D1-

NMDA receptor interaction in PSD-95-ΔGK mice, as we have shown previously (Yao et al., 

2004; Zhang et al., 2007; Zhang et al., 2009). To test if this enhanced D1 signaling may 

contribute to development of the dyskinesia phenotype in PSD-95-ΔGK mice, we examined 

whether repeated treatment of asymptomatic mutant mice with cocaine, a psychostimulant 

and indirect DA agonist, could induce clasping behavior (Figure 7). We found that repeated 

cocaine administrations (20mg/kg/day for 7 days, i.p.) reliably converted asymptomatic 
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mutant mice to symptomatic clasping mice, whereas the same dose regimen did not produce 

overt dyskinesia phenotypes in normal mice (Figure 7a). The limb-clasping behavior in 

mutants emerged rapidly (within 3-7 injections) and persisted for over 2 weeks after the last 

injection (Figure 7b). Interestingly, the cocaine-induced dyskinesia phenotype gradually 

disappeared and mice returned to their asymptomatic state after 4-6 weeks. These results 

support the hypothesis that increased D1 signaling in mutant mice may contribute to the 

dyskinesia behaviors in these mice. However, it is unlikely that MSN degeneration is 

involved in the development of this cocaine-elicited dyskinesia phenotype; rather, alterations 

of function and/or modulation of the basal ganglion circuit may play a more direct role.

Discussion

Here we report that mice lacking the postsynaptic scaffold PSD-95 develop dyskinesia 

phenotypes including reduced locomotor activity, impaired motor coordination, and limb 

clasping. Quantitative stereological analysis reveals significant loss of DARPP-32-positive 

MSNs in the striatum as well as smaller striatal volume in aged, but not young, mutant mice. 

Activity of striatal NMDARs is enhanced significantly in young mutant mice. Cortical 

NMDARs are substantially more sensitive to D1 stimulation, suggesting that the NMDAR 

hyperfunction could be due, at least in part, to an increased D1 signaling in mutant mice. 

Repeated stimulation of DA signaling by cocaine injections reliably converted 

asymptomatic KO mice to clasping symptomatic mice. Combined with our previous studies 

(Yao et al., 2004; Zhang et al., 2007; Zhang et al., 2009), these results support a working 

model (Figure 8) where PSD-95 limits D1 activity in dendritic spines and acts as a 

molecular brake that negatively regulates D1-NMDAR cross-talk. Absence of PSD-95 may 

thus lead to concomitant overactivation of both D1 and NMDA receptors and make neurons 

more susceptible to excitotoxicity, damaging synaptic or neuronal function and even causing 

cell death. Our study identifies PSD-95 as a neuroprotector in the striatum, and provides 

insights into the molecular mechanisms underlying striatal neurodegeneration in HD, and 

has broader implications for understanding the neurotoxicity involved in neurological 

conditions associated with DA and glutamate dysfunction.

The dyskinetic phenotypes associated with PSD-95-ΔGK mice are consistent with a central 

role of PSD-95 as a structural and signaling scaffold in excitatory synapses in the 

mammalian brain (Kim and Sheng, 2004; Gardoni, 2008). PSD-95 is believed to organize 

ionotropic glutamate receptors and their associated signaling proteins as well as DA 

receptors in the PSD, thus regulating the strength, plasticity, and dopaminergic modulation 

of corticostriatal circuitry (Kim and Sheng, 2004; Yao et al., 2008). Dysregulation of 

PSD-95-NMDAR-D1 receptor complexes is linked to experimental Parkinson's disease (PD) 

and L-DOPA–induced dyskinesia (LID), a debilitating motor complication of DA 

replacement therapy for PD (Nash et al., 2005; Fiorentini et al., 2006; Gardoni et al., 2006; 

Gardoni, 2008; Porras et al., 2012). Interestingly, striatal PSD-95 level is markedly elevated 

in rat and macaque models of LID (Nash et al., 2005; Porras et al., 2012) and reducing 

PSD-95 levels or disrupting PSD-95-D1 interaction have been reported to alleviate LID 

(Porras et al., 2012). Therefore, either too much or too little PSD-95 in the striatum can 

cause motor function impairments. Future studies are needed to elucidate how PSD-95-
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NMDAR-D1 receptor complexes are differentially altered, leading to motor deficits 

associated with different DA disease conditions.

Our results reveal a 39% loss of MSNs and 11 % reduction of striatal volume in aged, but 

not young PSD-95-ΔGK mice. Because motor deficits and dyskinesia occurred well before 

MSN loss (Figure 2) and 3-month old symptomatic mutants did not have a significant loss of 

MSNs (Figure 3), it is unlikely that the behavioral phenotypes are directly correlated with 

striatal degeneration, although cell loss at late stages should contribute to the behavioral 

phenotypes observed in mutant mice. In addition, cocaine-induced dyskinesia in PSD-95 

deficient mice mostly likely resulted from disturbance of the basal ganglia synapses and 

circuit function in mutant mice, rather than a rapid loss of striatal MSNs following cocaine 

exposure, because the cocaine-induced phenotype was reversible over time (Figure 7). It 

remains to be determined whether cell loss is limited to striatal GABAergic MSNs, as well 

as the underlying degeneration process, i.e. apoptosis, necrosis, or neurotoxicity.

The mechanisms underlying the preferential degeneration of striatal MSNs continue to be 

elusive, but may involve excessive DA signaling and NMDA excitotoxicity. Our study 

provides support for the idea that concomitant over-activation of both D1 and NMDARs, 

resulting from a positive feedback loop between these receptors, can cause neurotoxicity and 

cell death (Cepeda and Levine, 2006; Zhang et al., 2009). Our results also directly support 

that PSD-95 is a neuroprotection molecule that dampens D1 signaling and D1-NMDA 

receptor interaction and can prevent runaway potentiation of NMDARs and excitotoxicity 

during sustained activation of DA signaling. PSD-95-mediated regulation of D1 and D1-

NMDAR interaction offers a novel neuroprotective mechanism, because except for the 

classical D2 receptor-dependent neuroprotection against glutamate excitotoxicity in cortical 

and hippocampal neurons (Bozzi and Borrelli, 2006; Kihara et al., 2002), no other DA 

receptor-dependent neuroprotective mechanisms have been described.

However, PSD-95 may regulate neuronal integrity through other mechanisms. First, when 

coexpressed in oocytes with NR1/NR2B, PSD-95 decreases glutamate sensitivity of the 

receptor channels and inhibits the PKC-mediated potentiation of the channels (Yamada et 

al., 1999). Thus PSD-95 may protect certain cells, e.g. MSNs and hippocampal neurons 

where NR2B is abundantly expressed, against NMDAR-mediated neurotoxicity. 

Consistently, antisense knockdown of PSD-95 has been shown to drive neuronal death in 

cultured hippocampal neurons (Gardoni et al., 2002). Second, PSD-95 may regulate the 

proper localization of NMDAR subunits, particularly different NR2 subunits, in the synapse 

(Kim and Sheng, 2004). Synaptic and extrasynaptic receptors differ in their subunit 

compositions (Rumbaugh and Vicini, 1999), are associated with different intracellular 

signaling pathways, and play different roles in neuronal survival (Riccio and Ginty, 2002). 

Particularly, activation of synaptic NR2A-containing NMDARs is neuroprotective whereas 

stimulation of extrasynaptic NR2B-containing NMDARs is neurotoxic (Hardingham and 

Bading, 2002). However, it should be noted that NMDAR-mediated currents are generally 

unaffected in hippocampal neurons derived from PSD-95-deficient mice (Migaud et al., 

1998; Beique et al., 2006; Elias et al., 2006). Finally, in contrast to the neuroprotective roles, 

PSD-95 may also confer neurotoxic effects to neurons. PSD-95 interacts with both 

NMDARs and neuronal nitric oxide synthase (nNOS), coupling NMDAR activity to the 
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production of nitric oxide (NO), a molecule that triggers NMDAR-dependent excitotoxicity 

(Brenman et al., 1996; Sattler et al., 1999). Transient disruption of NMDAR-PSD-95 

interactions in cortical neurons has been shown to be neuroprotective against ischemic brain 

damage (Aarts et al., 2002). This mechanism may be less dominant in MSNs, as nNOS 

expression is low in these neurons (Zucker et al., 2005). We suggest that the net effects of 

PSD-95 in neuronal integrity may depend on the competition between neuroprotective and 

neurotoxic mechanisms, likely in a cell type-dependent manner.

Our study identifies PSD-95 as a risk factor associated with the pathogenesis of HD. 

Because of its ubiquitous expression, the disease-causing protein Htt alone cannot explain 

the relatively selective nature of MSN loss. It is possible that PolyQ-expanded Htt may 

couple to MSN-specific susceptibility mechanisms to confer the preferential vulnerability of 

MSNs. Consistent with this idea, in vitro studies suggest that normal Htt binds PSD-95 at 

the SH3 domain and PolyQ expansion interferes with the ability of Htt to interact with 

PSD-95 (Sun et al., 2001). This interaction may link many of the cellular functions proposed 

for Htt (e.g. transcriptional regulation, anti-apoptosis, and dendritic morphogenesis) to the 

PSD-95-NMDAR and other signaling complexes in the PSD. Striatal PSD-95 is also 

decreased in animal models of HD (Jarabek et al., 2004), although the functional 

significance of this decrease is unclear. In addition to HD and PD, PSD-95 and other 

MAGUKs are also implicated in Alzheimer's disease, ischemia, schizophrenia, and 

neuropathic pain (Gardoni, 2008). The underlying mechanisms are not fully understood but 

likely involve abnormal interactions between these synaptic scaffolds with glutamate and 

DA receptors, associated signaling complexes, and the pathogenic proteins that alter synapse 

and neural circuit function. A better understanding of MAGUK regulation of synaptic 

organization, function, signaling, and plasticity under normal and pathological conditions 

could lead to the identification of new targets for pharmaceutical intervention of these 

neurological and psychiatric disorders.

Methods

Mice

Wild-type (WT) and PSD-95-ΔGK mice (Yao et al., 2004) were housed under standard 

laboratory conditions (12 h light/dark cycle) with food and water provided ad libitum. All 

experiments were conducted in accordance with the National Institutes of Health guidelines 

for the care and use of laboratory animals and with an approved IACUC protocol from the 

Harvard Medical Area Standing Committee on Animals.

Behavioral Assessments

Locomotion activity was measured in an automated ENV510 activity monitor (Med 

Associates Inc.) (Zhang et al., 2007). Mice were placed in the monitor and their horizontal 

and vertical activities were recorded at 5-min intervals for up to 60 min. Horizontal and 

vertical activities were measured as the distance traveled.

For the beam walking assay, mice were first trained to walk on a 60-cm long, 3-cm diameter 

plastic rod elevated 26 cm above a bench. A ruler in the middle of the rod was used to 
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measure foot slips. A soft cushion was placed under the beam to provide a protective surface 

for falling mice. Mice were subjected to the beam test following three days of training. Mice 

were placed on the beam at one end with inked feet and allowed to walk to the other end of 

the rod. Mice that fell were returned to the position where they fell, with a maximum time of 

60 s allowed on the beam. The time spent on the beam, the number of foot slips (foot slipped 

down lower than the ruler), and the number of falls were measured. Mice were returned to 

their home cages after the test.

For limb clasping quantification, mice were observed during a 15 s tail suspension test. A 

clasping event is defined by the retraction of limbs into the body and toward the midline. 

The clasping duration was measured and 15 s was set as a cut-off.

Perfusion and Brain Section Preparation

Mice were anesthetized and perfused transcardially with ice-cold PBS, followed by ice-cold 

4% paraformaldehyde (PFA) in 0.1 M sodium phosphate buffer, pH 7.4. Brains were post 

fixed overnight in 4% PFA and cryoprotected with 10% (wt/vol) then 30% sucrose. Brains 

were sectioned (40 μm) on a freezing microtome, collected in antifreeze solution containing 

30% glycerol, 30% ethoxyethanol, 40% 0.1M PBS, and stored at -20°C until the time of use. 

For each brain, serial sections from bregma 1.5 to -0.95 mm, encompassing nearly the entire 

striatum, were sequentially collected into 12 tubes, labeled No. 1 through 12. Thus sections 

in each tube were 480 μm apart along the rostrocaudal axis of the striatum.

Immunohistochemistry

Free-floating brain sections from Tubes Nos. 2 and 8 of each mouse were rinsed in PBS and 

preincubated in 4% normal donkey serum (Jackson ImmunoResearch) for 60 min. 

Endogenous peroxidase was quenched with 3% H2O2 for 7-15 min. Sections were incubated 

with a primary antibody against rabbit DARPP-32 (Chemicon), and followed by secondary 

antibody diluted in PBS containing 2% normal donkey serum and 0.1% Triton X-100. 

Bound antibody was visualized using the ABC system (Vectastain ABC Kit, Vector 

Laboratories). Sections were mounted, air dried, alcohol dehydrated, rinsed with Xylene, 

and coverslipped.

Stereological Cell Counting

The total number of DARPP-32-positive cells in the striatum was estimated using Stereo 

Investigator software (MBF Bioscience) and according to stereologic principles (West and 

Gundersen, 1990). The anatomical boundaries of the striatum were determined according to 

fiduciary neuroanatomical landmarks and the use of a mouse brain atlas (Paxinos and 

Franklin, 2001). Design-based stereology was performed using a Zeiss Axiovert microscope 

(Zeiss) coupled to an Optronics Microfire digital camera (Goleta) for visualization of tissue 

sections. The total number of immunoreactive cells, from tissue sections separated by 240 

μm, was estimated from coded slides using the optical fractionator method. For each tissue 

section analyzed, section thickness was assessed empirically and guard zones of ∼2 μm 

thickness were used at the top and bottom of each section. The striatum was outlined under 

low magnification (2.5×) and the outlined region was analyzed by a systematic random 

sampling design. Cells were counted under 40× magnification. The coefficient of error was 
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calculated according to the procedure of Gundersen and colleagues, values < 0.10 were 

considered acceptable (West and Gundersen, 1990; West, 1993). The volume of the region 

was estimated according to Cavalieri's principle.

Brain Slice Preparation

Mice were sacrificed by decapitation and brains were rapidly removed. Cortical slices (300 

μm) containing the striatum or medial prefrontal cortex were cut using a vibratome. Slices 

were perfused with an ice-cold artificial CSF (ACSF) containing (in mM): 126 NaCl, 2.5 

KCl, 2.5 CaCl2, 1.2 MgCl2, 25 NaHCO3, 1.2 NaH2PO4, and 25 D-glucose, saturated with 

95% O2 and 5% CO2. Slices were incubated in ACSF for > 1 hr at room temperature before 

transferring to a recording chamber.

Electrophysiology

Whole-cell voltage-clamp experiments were performed on individual dorsal medium spiny 

neurons in the striatum or layer V pyramidal neurons of the prefrontal cortex using an 

Axoclamp 2B amplifier. Cells were visualized with an upright microscope under infrared 

illumination and identified by their morphologies. In some cases, the identities of MSNs and 

pyramidal neurons were confirmed by the high resting membrane potential (-80 to -90 mV) 

and adaptive firing patterns in response to constant current injections, respectively, under 

current clamp. Recording pipettes (4.5 - 5.5MΩ) were filled with (in mM): 142 Cs-

gluconate, 8 NaCl, 10 HEPES, 0.4 EGTA, 2.5 QX-314 [N-(2,6-

dimethylphenylcarbamoylmethyl)triethylammonium bromide], 2 Mg-ATP, and 0.25 GTP-

Tris, pH 7.25 (with CsOH). Neurons were voltage clamped at -60 or +40 mV unless 

indicated otherwise. Picrotoxin (50 or 100 μM) was included in the bath to block GABAA 

receptor-mediated synaptic responses. Tetrodotoxin (1 μM) was added during recordings of 

mEPSCs. For evoked EPSCs, stimuli were delivered with a concentric bipolar electrode 

(FHC) placed at layer II/III in the PFC or over the corpus callosum 200 μm dorsal to the 

recording site in the striatum. Series resistance was monitored throughout whole-cell 

recordings, and data were discarded if the resistance changed by 15%. All recordings were 

made at 32°C with a temperature controller (Warner Instruments). Drugs were delivered to 

the bath with a gravity-driven perfusion system (Harvard Apparatus). Data acquisition and 

analysis were performed using a pClamp 9.2 software suite (Molecular Devices). mEPSCs 

were analyzed by Mini Analysis 6 (Synaptosoft).

Statistical Analysis

All data are expressed as mean ± s.e.m. Statistical tests are noted in figure legends 

(significance was set a priori at 0.05).
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Figure 1. 
Reduced locomotor activity and impaired motor coordination in PSD-95 deficient mice. (a) 

Time courses of horizontal activity per 5 min of WT, PSD-95+/-, and PSD-95-/- mice when 

placed in a novel environment, an open field activity chamber. (b) Summary of total 

horizontal and vertical activity of WT, PSD-95+/- and PSD-95-/- mice in response to a novel 

environment. **, p < 0.01, one-way ANOVA with post-hoc Dunnett's test vs. WT. (c) Total 

horizontal activity of WT, PSD-95+/-, and PSD-95-/-mice during a 5-day test period. Mice 

were placed in the same locomotor activity monitor on test days for 60 min. Horizontal and 

vertical activity was measured as distance traveled in blocks of 5 min. *, p < 0.05, one-way 

ANOVA with post-hoc Dunnett's test vs. corresponding WT controls. (d) Summary of beam 

walking data. Inset, a WT mouse performing the beam walking test. *, p < 0.05 versus WT, 

Student's t test. Numbers in parentheses designate numbers of mice used.
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Figure 2. 
Progressive limb-clasping symptoms in PSD-95 deficient mice. (a) Examples of hind-limb, 

all-limb and full body clasping in PSD-95-/- mice compared to a WT control. (b) Clasping 

duration in a 15-s interval. **, p < 0.01; ***, p≪0.001, Student's t-tests. A clasping event is 

defined by the retraction of limbs into the body and toward the midline. (c) Developmental 

progression of clasping phenotype. **, p < 0.01; ***, p≪0.001, one-way ANOVA followed 

by post hoc Newman–Keuls tests. Mice were observed during a 15 s tail suspension test to 

monitor the progression of the clasping phenotype between 4 and 20 weeks of age. Numbers 

in parentheses designate numbers of mice used.
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Figure 3. 
Loss of striatal MSNs in aged symptomatic PSD-95 deficient mice. (a) Sectioning scheme 

for immunohistochemistry and stereological analysis. Serial coronal sections (240 μm apart) 

from Tubes #2 and #8 were used in DARPP-32 staining and subsequent cell counting. (b, c) 

DARPP-32 staining of a WT and a PSD-95-/- mouse striatal section, viewed at 2.5× (b) and 

40× (c). Arrows indicate ventricles. (d-f) Summary of total DARPP-32-positive cells (d), 

cell density (e), and striatal volume (f) in 3-month- and >12-month-old WT and PSD-95-/- 

symptomatic mice. Cell counting was made at 40×, using Stereo Investigator 7. n = 8 mice 
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each group, *, p < 0.05; **, p < 0.01 vs. WT, two-way ANOVA with Bonferroni post-hoc 

tests.
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Figure 4. 
Increased striatal NMDA/AMPA ratio in PSD-95-ΔGK mice. (a) Representative EPSCs 

recorded from WT and PSD-95-/- MSNs at holding potentials of -60 (to record AMPA-

EPSCs) and +40 mV (to record both AMPA-EPSCs and NMDAR-EPSCs). (b) Summary of 

mean NMDA/AMPA ratios, defined as the amplitude of the NMDAR component 80 ms 

after stimulation at -40 mV divided by the peak AMPAR component at -60 mV. Numbers in 

parentheses indicate numbers of cells analyzed. *, p < 0.05 vs. WT; Student's t tests.
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Figure 5. 
Increased striatal NMDAR activity in PSD-95-ΔGK mice. (a) Representative AMPAR-

mediated mEPSCs recorded from WT and mutant MSNs. (b,c) Summaries of mean AMPA-

mEPSC amplitudes (b) and frequencies (c). (d) Representative mEPSCs in the absence (to 

record total mEPSCs mediated by both NMDA and AMPA receptors) followed by the 

presence (to record AMPA-mEPSCs) of Mg2+. (e) Summary of charge transfer mediated 

through NMDA-mEPSCs. The NMDAR component of mEPSCs was derived by subtracting 

the average AMPA-mEPSC from the average total mEPSC, and the area under the resultant 

NMDA-mEPSC was measured. Numbers in parentheses indicate numbers of cells analyzed. 

*, p < 0.05 vs. WT, Student's t tests.
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Figure 6. 
Enhanced SKF81297 modulation of synaptic NMDAR currents in PSD-95-ΔGK mice. (a) 

Representative NMDA-EPSCs recorded from WT and mutant PFC pyramidal neurons 

before and (30-40 min) after bath application of SKF81297 (1 μM). (b) Summary of 

SKF81297 effect on NMDA-EPSCs in WT and PSD-95-/- mice. NMDA-EPSCs were 

pharmacologically isolated in Mg2+-free ACSF containing CNQX (20 μM), glycine (1 μM), 

and picrotoxin (100 μM). Neurons were voltage clamped at −60 mV. Following a 10-min 

baseline recording, a brief (5-10 min) application of SKF81297 elicited a long-lasting 

potentiation of NMDA-EPSCs in WT neurons, which was further enhanced in PSD-95-ΔGK 

neurons. Numbers in parentheses indicate numbers of cells analyzed.
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Figure 7. 
Exacerbating effect of cocaine exposure on limb-clasping behavior. (a) Repeated cocaine 

administration (7 days, 20 mg/kg, i.p.) induced limb clasping in asymptomatic PSD-95-/- 

mice, but not in WT mice. The same WT and mutant mice before and after cocaine 

treatments are shown. (b) Development and recovery time course of cocaine-elicited limb 

clasping behavior. Clasping score designates clasping duration in a 15-s interval. Numbers 

in parentheses indicate numbers of mice analyzed. Age = 7 months.
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Figure 8. 
Proposed model by which PSD-95 may regulate neuronal integrity by regulating NMDAR 

function, DA D1 signaling, and DA-glutamate interaction at synapses. In dendritic spines 

PSD-95 regulates D1 trafficking and inhibits D1 signaling, and dampens the positive 

coupling between D1 and NMDAR. Deletion of PSD-95 in mutant mice produces enhanced 

D1 signaling, measured as increased cAMP production, which in turn further enhances 

NMDAR activity. The concomitant overactivation of both D1 and NMDAR make the 

neurons more susceptible to NMDAR-mediated excitotoxicity, causing cell death and the 

neurological phenotypes observed in mutant mice.
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