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Abstract 

 

 At Schaffer collateral synapses in area CA1 of the hippocampus, presynaptically 

released glutamate activates two types of postsynaptic ionotropic receptors, alpha-amino-

3-hydroxy-5-methylisoxazole-4-propionic acid (AMPAR) and N-methyl-D-asparate 

(NMDAR) receptors. The trafficking of AMPA and NMDA receptors to and from 

synapses controls excitatory synaptic transmission. The molecular mechanisms regulating 

this trafficking remain largely unknown. 

I show that members of the family of PSD-95-like membrane associated 

guanylate kinases (PSD-MAGUK) scaffolding protein mediate the synaptic targeting of 

AMPARs in the adult hippocampus, and uncover a remarkable functional redundancy 

within this protein family. PSD-95 and PSD-93 independently mediate AMPAR 

trafficking at mature synapses. These studies also reveal unanticipated synapse 

heterogeneity as loss of either PSD-95 or PSD-93 silences largely non-overlapping 

populations of excitatory synapses. In adult mice lacking PSD-95 and PSD-93, SAP102 

is up-regulated and compensates for the loss of synaptic AMPARs. These studies 

establish a PSD-MAGUK-specific regulation of AMPAR synaptic trafficking that 

maintains synaptic transmission in the adult mammalian brain. 

 The development of synapses involves a change in the number and type of 

glutamate receptors. To elucidate the molecular mechanisms controlling this process in 

vivo I combine, for the first time, in utero intraventricular injection and electroporation of 

constructs that alter the molecular composition of developing synapses, with 

simultaneous dual whole-cell recordings in acute hippocampal slices. I find that SAP102 



 x 

mediates synaptic trafficking of AMPARs and NR2B-containing NMDARs (NR2B-

NMDARs) during synaptogenesis. After synaptogenesis, PSD-95 assumes the functions 

of SAP102 and is necessary for both the developmental increase in AMPAR-mediated 

transmission and the replacement of NR2B-NMDARs with NR2A-NMDARs. In mice 

lacking PSD-95 and PSD-93 the maturational replacement of NR2B- with NR2A-

NMDARs fails to occur, and PSD-95 expression in these mice fully rescues this deficit. 

Thus, SAP102 and PSD-95 regulate the synaptic trafficking of distinct glutamate receptor 

subtypes at different developmental stages thereby playing a necessary role in excitatory 

synapse development. 

 These studies establish an essential role for PSD-MAGUK scaffolding proteins in 

the synaptic targeting of glutamate receptors during the development and maintenance of 

excitatory synaptic transmission in a mammalian brain circuit for learning and memory. 
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Glutamatergic synaptic transmission in the mammalian hippocampus  

 Human behavior and cognition are predicated upon coherent communication 

between trillions of neurons assembled in brain circuits. Although the blueprint of the 

neural circuitry underlying simple conserved behaviors is encoded in the genes, a large 

measure of who we are is based on our ability to learn and remember new knowledge. 

How does the brain acquire new knowledge and what are the molecular and cellular 

mechanisms underlying the storage of this knowledge? 

 The brain possesses a remarkable ability to respond to everyday experiences by 

modifying the strength of communication between neurons at individual synapses, a 

process thought to encode new knowledge about the world. Thus, efforts have focused on 

elucidating the cellular and molecular mechanisms that determine the strength of synaptic 

transmission. In this regard, much attention has focused on understanding the biology of 

excitatory synapses in the mammalian hippocampus, a brain region known to be 

necessary for the formation of new memories (Squire et al., 2004) (Fig. 1A).  At synapses 

between CA3 and CA1 hippocampal pyramidal neurons, presynaptically released 

glutamate activates primarily two types of ionotropic receptors, AMPA-type (AMPAR) 

and NMDA-type (NMDAR) receptors (Fig. 1C-D). Whereas AMPARs carry most of the 

depolarizing current responsible for moment-to-moment, “basal” (i.e., low frequency 

stimulation) synaptic transmission, calcium influx through NMDARs is required to 

trigger changes in synaptic transmission strength, a process known as “synaptic 

plasticity,” two examples of which are the phenomena known as long-term potentiation 

(LTP) and long-term depression (LTD) (Malenka and Nicoll, 1999; Malinow and 

Malenka, 2002). Increasing evidence suggests that the dynamic regulation of the number 
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of synaptic AMPARs underlies changes in synaptic transmission strength, which raises 

the fundamental question: what determines the number of glutamate receptors at the 

synapse? Answering this question requires consideration of the synapse as a specialized 

cell junction for the transmission of information between neurons. 

 

Scaffolding at excitatory synapses 

 Much like any other cell, a neuron must be able to solve the cell biological 

problem of spatially and temporally organizing signal transduction machinery necessary 

for cell-to-cell communication. Although many solutions to this challenge have evolved, 

the role of protein scaffolding emerged as a dominant mode of multiprotein complex 

assembling at excitatory synapses. Indeed, in addition to the high concentration of 

neurotransmitter receptors clustered on the postsynaptic side of the synapse, there are 

numerous scaffolding proteins that contain modular protein-protein interaction motifs 

capable of directly binding to short amino acid sequences present in interacting proteins. 

Via these modular interactions, scaffolding proteins are thought to tether receptors and 

intracellular signaling complexes, forming macromolecular protein complexes essential 

for synaptic transmission (Elias and Nicoll, 2007; Kim and Sheng, 2004). 

 Neurotransmitter receptors at excitatory synapses are clustered at the postsynaptic 

density (PSD), an electron-dense structure located beneath the postsynaptic membrane 

(Fig. 1B). The PSD also contains scaffolding proteins, the prototypical one being PSD-95 

(also known as SAP-90) (Cho et al., 1992; Kistner et al., 1993) (Fig. 2A). PSD-95 is a 

member of the neuronal membrane associated guanylate kinase (MAGUK) family of 

proteins. The PSD-95-like subfamily of MAGUKs (PSD-MAGUKs) includes PSD-93 
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(also known as Chapsyn-110), SAP102, and SAP97 (Fig. 2B-C). PSD-MAGUKs share a 

common domain structure organization with three N-terminal PSD-95/Dlg/ZO-1 (PDZ) 

domains, a Src-homology 3 (SH3) domain, and a carboxy terminal catalytically inactive 

guanylate kinase (GK) domain (Fig. 2B).  

 

Neuronal PSD-MAGUKs at the postsynaptic density 

 Early insights into the potential involvement of PSD-MAGUKs in determining 

the number of synaptic glutamate receptors came from overexpression experiments in 

heterologous systems, where it was found that the PDZ domains of PSD-95 bind the C-

terminal tails of NMDA receptor type-2 (NR2) subunits (Kornau et al., 1995; 

Niethammer et al., 1996) and cluster them on the membrane surface.  This observation 

led to the proposal that PSD-95 might be involved in the synaptic localization of 

NMDARs in neurons (Sheng and Sala, 2001). Indeed, PSD-95 is abundantly present in 

the PSD of excitatory synapses. In the hippocampus, PSD-95 mRNA is detectable as 

early as embryonic day 18 (E18) (Fukaya et al., 1999) and protein expression reaches 

detectable levels by postnatal day 10 (Sans et al., 2000). Functional overexpression of 

GFP-tagged PSD-95 in hippocampal pyramidal neurons in slice culture results in a 

significant increase in AMPAR-mediated synaptic responses, with no change in the 

amplitude of NMDAR-mediated currents (Schnell et al., 2002), suggesting that PSD-95 

plays a role in regulating the synaptic trafficking of AMPARs. Surprisingly, targeted 

truncation of PSD-95 by homologous recombination has no effect on basal excitatory 

synaptic transmission (Migaud et al., 1998).  
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 Despite the remarkable similarities between PSD-95 and PSD-93 in terms of  

developmental expression profile (Fukaya et al., 1999; Sans et al., 2000), synaptic 

localization (Hunt et al., 1996; McGee et al., 2001), amino acid sequence (Kim et al., 

1996) and domain structure (Kim and Sheng, 2004; Schnell et al., 2002), the role of PSD-

93 in excitatory synaptic transmission remains unclear. Similar to PSD-95, PSD-93 binds 

to the C-termini of NMDARs (Kim et al., 1996). However, the effect of genetic deletion 

of PSD-93 on synaptic transmission remains controversial. One group reported that 

targeted deletion of PSD-93 did not affect basal transmission at climbing fiber-Purkinje 

cell (CF-PC) synapses in the cerebellum (McGee et al., 2001). In contrast, recent 

evidence suggests that targeted deletion of PSD-93 reduces NMDAR-mediated synaptic 

responses in the cingular cortex and dorsal horn of the spinal cord (Tao et al., 2003). The 

role of PSD-93 in excitatory synaptic transmission in the hippocampus has not been 

studied.  

 Much less is known about the role of SAP102 in excitatory synaptic transmission 

(Muller et al., 1996). SAP102 is thought to play a role in trafficking NMDARs during 

embryonic brain development and early postnatal life (Lau et al., 1996). Consistent with 

this idea SAP102 mRNA and protein levels are detectable as early as E13 and E18, 

respectively (Fukaya et al., 1999; Sans et al., 2000). Furthermore, SAP102 is associated 

with NMDAR-containing vesicles found in the dendrites of immature neurons in 

hippocampal dissociated cell cultures (Washbourne et al., 2004b). However, 

overexpression of GFP-tagged SAP102 in hippocampal slice cultures leads to a selective 

enhancement of AMPAR EPSCs, with no change in NMDAR-mediated responses 
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(Schnell et al., 2002), suggesting a role for SAP102 in the regulation of the synaptic 

trafficking of AMPARs. 

  Although all PSD-MAGUKs are expressed in the brain, only three are exclusively 

present at the PSD: PSD-95, PSD-93, and SAP102. In contrast, SAP97 is present in 

multiple tissues in the body. In neurons, SAP97 has a broad cellular distribution: it is 

associated with the golgi and ER in the cytosol and is present in presynaptic terminals as 

well as in the PSD (Rumbaugh et al., 2003). Although targeted truncation of SAP97 is 

lethal, basal synaptic transmission in primary cultured neurons from mutant animals is 

normal (Klocker et al., 2002). Overepression of GFP-tagged SAP97 in CA1 neurons in 

cultured hippocampal slices has no effect on basal excitatory synaptic transmission 

(Schnell et al., 2002). Together, these results suggest that SAP97 is not an essential 

component of the molecular machinery responsible for synaptic expression of AMPA or 

NMDA glutamate receptors (but see (Nakagawa et al., 2004)).   

 Despite the similarities in their domain structures, PSD-MAGUKs differ in their 

N-terminal amino acid sequences. Furthermore, each PSD-MAGUK has several isoforms 

that differ in their N-terminal amino acid sequences and domain structure organizations. 

For example, the N-terminal regions of the most abundant isoforms of PSD-95 (PSD-

95α) or SAP97 (SAP97ß) contain two palmitoylatable cysteines or a L27 domain, 

respectively. Although PSD-MAGUKs are widely expressed throughout the central 

nervous system, the relative abundance of each PSD-MAGUK in specific brain regions 

varies with development. In the hippocampus, for example, SAP102 expression is high in 

late embryonic development and early postnatal life and decreases with age. In contrast, 
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the expression of PSD-95 and PSD-93 is low during early postnatal life, but increases by 

one month of age (Sans et al., 2000).  

 Biochemical approaches have been used to identify interacting partners for 

synaptic PSD-MAGUKs and infer the biological function of these scaffolding proteins 

from the constellation of possible protein-protein interactions (Funke et al., 2005; Garner 

et al., 2000; Hata and Takai, 1999; Kim and Sheng, 2004; McGee and Bredt, 2003; 

Montgomery et al., 2004; van Zundert et al., 2004) for comprehensive reviews of the 

literature concerning this approach). To examine whether PSD-MAGUKs have a role in 

determining the number of glutamate receptors at the synapse, I undertook an alternative 

approach. This approach combines molecular biology to vary the expression levels of 

PSD-MAGUKs while monitoring the consequences of these manipulations on synaptic 

function using electrophysiology to directly measure synaptic transmission. By framing 

the question within the cell biological context of the neuron as a functional unit within a 

brain circuit, these studies provide insights from the unique functional perspective of how 

synapses transmit and encode information in the brain. 

 

The impact of PSD-95 overexpression on AMPAR and NMDAR function 

 Initial studies on the effect of overexpressing PSD-95 in dissociated neurons and 

organotypic slice cultures (Fig. 2D and E) revealed a large enhancement in the amplitude 

of AMPAR-mediated excitatory postsynaptic currents (EPSCs), but no change in the 

amplitude of the NMDAR EPSC (El-Husseini et al., 2000; Schnell et al., 2002) (Fig. 2F). 

The lack of change in the NMDAR EPSC amplitude is consistent with an entirely 

postsynaptic locus of expression, because if more glutamate were released more 
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NMDARs would also be activated. In addition, overexpression of PSD-95 in the 

hippocampus increases the frequency and amplitude of miniature excitatory postsynaptic 

currents (mEPSC) (Ehrlich and Malinow, 2004; Stein et al., 2003). 

Immunocytochemistry experiments suggest that the enhancement in AMPAR 

transmission stems from an increase in the number of AMPARs present at the PSD, 

rather than a change in the intrinsic biophysical properties of the AMPARs.  (El-Husseini 

et al., 2000). These results were most unexpected because previous biochemical studies 

had found robust interactions of PSD-95 with NMDARs, but no interactions, whatsoever, 

with AMPARs. The effect of PSD-95 overexpression on AMPAR-mediated transmission 

have been replicated and greatly expanded by numerous subsequent studies (Beique and 

Andrade, 2003; Ehrlich and Malinow, 2004; Stein et al., 2003). 

Results from comparative biochemical and functional overexpression studies have 

emphasized the remarkable similarities among PSD-MAGUKs in terms of protein-

protein interactions (Irie et al., 1997; Ko et al., 2006; Sans et al., 2003; Wang et al., 2006) 

and overlapping functions in synaptic trafficking of AMPARs (Schnell et al., 2002). 

Whether endogenous PSD-MAGUKs play a necessary role in regulating specific aspects 

of synapse function at different developmental stages remains unknown. 
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Figure 1. Glutamatergic synaptic transmission in the hippocampus at Schaffer 

collateral synapses in area CA1. (A) Classic drawing of the hippocampal formation by 

Santiago Ramon y Cajal highlighting the cytoarchitecture and connectivity between the 

three main types of excitatory neurons in the hippocampus: dentate gyrus granule cells 

(DG), CA3 and CA1 pyramidal neurons. (B) Electron micrograph of an excitatory 

synapse highlighting the glutamate-filled synaptic vesicles in the active zone of a CA3 

presynaptic terminal (arrow) and the postsynaptic density (black arrowheads) on a CA1 

dendritic spine (Shepherd and Harris, 1998). Scale bar= 0.5 µm. 

 (C-D) A synapse is considered excitatory if it increases the probability of a 

neuron firing an action potential. This is due to the transmitter causing an increase in 

cationic conductance, which depolarizes the cell.  Excitatory synapses in the mammalian 

central nervous system use glutamate as the neurotransmitter. Presynaptically released 

glutamate activates two main types of ionotropic receptors: N-methyl-D-aspartic acid 

(NMDA) and a-amino-3-hydroxy-5-methyl-4-isoxazole-proprionic acid (AMPA) 

receptors. Both AMPARs and NMDARs are permeable to monovalent cations (Na+ and 

K+). NMDARs are also highly permeable to Ca++. Unlike the AMPAR, which has a linear 

current to voltage (I-V) relationship, the NMDAR exhibits a voltage-dependent 

conductance due to the voltage dependent blocking by Mg++ at negative membrane 

potentials (C, blue trace). Therefore, synaptically-evoked excitatory postsynaptic currents 

(EPSCs) at negative membrane potentials will be due almost entirely to cationic 

conductance through AMPARs (C, left red trace). Thus, the AMPAR component of an 

EPSC can be determined by resolving the peak response at a holding membrane potential 

around -70 mV (C, black arrow). 
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At depolarized potentials synaptic NMDARs also contribute to the EPSC (C, black trace). 

The two receptor-mediated components can be pharmacologically isolated, revealing the 

AMPAR component (C, right red trace) and NMDAR component (C, right blue trace). 

The different components of the dual EPSC can also be decomposed based on the 

difference in decay kinetics of AMPA and NMDA receptors: AMPARs decay within 

milliseconds, whereas NMDARs decay over 100’s of milliseconds. It is therefore 

possible to accurately determine the NMDAR contribution in isolation by measuring the 

amplitude of the dual EPSC 100 ms after the onset of the EPSC, a time point where the 

AMPAR component has decayed to essentially zero (C, black arrowhead). It should be 

noted that under physiological conditions the membrane potential of pyramidal neurons 

would never reach positive values.  However, the experimental conditions established 

here are to optimize the resolution of the AMPAR and NMDAR components of synaptic 

transmission. 

 Excitatory synapses that contain NMDARs but lack AMPARs are known as 

“silent synapses” (D) (Isaac et al., 1995; Liao et al., 1995). Silent synapses do not 

conduct at negative membrane potentials because of the voltage-dependent Mg++ block of 

the NMDAR channel pore (D, left blue trace). At depolarized membrane potentials the 

Mg++ block of the NMDAR is relieved, resulting in an EPSC. However, because silent 

synapses lack AMPARs, the evoked EPSC at depolarized potentials will be due entirely 

to NMDARs (D, right blue trace). 
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Figure 2. Neuronal PSD-MAGUK scaffolding proteins at synapses. (A) Immunogold 

electron micrograph of a CA3-CA1 hippocampal excitatory synapse showing a 

presynaptic terminal (P) and endogenous PSD-95 molecules (black arrows pointing to 

gold particles) embedded within the PSD (Scale bar = 0.2 µm). Modified from Ref. (Sans 

et al., 2000). (B-C) Domain structure organization of main isoforms of PSD-MAGUKs: 

(B) PSD-95. (C) PSD-93, SAP102, and SAP97. (D) Spine localization of PSD-95-GFP 

(white arrows) in a CA1 pyramidal neuron in organotypic slice culture (Scale bar = 5 

µm). Modified from Ref. (Schnell et al., 2002). (E) Live image (left) and diagrammatic 

representation (right) of the simultaneous dual whole-cell recording configuration from 

experimental (GFP+) (green) and paired control CA1 pyramidal neurons (black) in slice 

culture. This electrophysiology technique measures the AMPAR and NMDAR EPSCs 

evoked simultaneously from experimental (e.g., PSD-95 overexpressing) and a 

neighboring unperturbed neuron. The magnitudes of the EPSCs evoked by activating a 

common presynaptic input are then directly compared, allowing assessment of the effects 

of protein manipulation (e.g., PSD-95 overexpression) on synaptic currents between 

experimental and unperturbed neurons.  (F) PSD-95 is sufficient for AMPAR synaptic 

trafficking. PSD-95 overexpression (green trace) enhances the AMPAR EPSC, but has no 

effect on the NMDAR EPSC relative to the paired control neuron (black trace).  
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Plasmid constructs 

 shRNA oligonucleotides were inserted into pLLox3.7. The following shRNA 

targeting sequences were used for PSD-95 TCACGATCATCGCTCAGTATA ; PSD-93 

GACTGCCTAGCCAAGGACTTA (or CTGTGAGATTTGTAGCAGAAA; both 

sequences yielded similar results); SAP102 CCAAGTCCATCGAAGCACTTA. For 

knock-down of SAP102 in mouse the following targeting sequence was used with 

comparable efficiency (data not shown) CCAAGTCCATTGAAGCACTTA. The single 

nucleotide difference indicated. Targeting sequences for PSD-95 and PSD-93 completely 

overlap in mouse and rat.  Rat cDNAs of PSD-95, PSD-93, SAP97 and SAP102 were 

inserted into pGWI vector. Silent mutations in cDNA pointmutant constructs were 

generated using QuickChangeII (Stratagene) following manufactures instructions. 

 

Antibodies 

 Mouse PSD-95 antibody was from ABR. Rabbit anti-GluR2/3 and anti-GluR1, 

mouse anti-GluR2 were obtained from Chemicon. Mouse NR-1 antibody was from 

Pharmigen. Mouse tubulin and goat actin antibodies were from Santa Cruz. PSD-93 

antibody was from Zymed. Guinea pig SAP102 was described in (Firestein et al., 1999).  

Rabbit SAP97 antibody was described in (Topinka and Bredt, 1998).   

 

Overexpression 

COS-7 cells were transfected with Lipofectamine 2000 with cDNA expression 

vectors as well as corresponding shRNA vectors in a molar ratio of 1:3. 48h after 

transfection cells were lysed with SDS-PAGE sample buffer. Lysates were sonicated and 
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denatured at 67°C for 10min and analyzed by SDS-PAGE. Blots were probed with 

antibodies PSD-95 (1:1000), PSD-93 (1:2000), SAP97 (1:2000) and SAP102 (1:2000). 

Actin served as loading control for each blot. Immunoreactivity was visualized with the 

ECL system (Pierce).  

 

Neuronal culture and transfection 

 Dissociated hippocampal neuron cultures were prepared as previously described 

(Craven et al., 1999).  In short, E18 rat pups were sacrificed, hippocampi isolated and 

digested using papain protease. Neurons were dissociated and resuspended in Neurobasal 

medium containing B27, Glutamax and antibiotics (all Invitrogen). Neurons were plated 

at 50K or 100K per cm2 on Poly-D-lysine treated support. Hippocampal neurons were 

transfected at DIV 14-16 with 0.5-1µg pLLox 3.7 vectors using 0.5-1µl Lipofectamine 

2000 (Invitrogen) and incubated for 5 more days before analysis.  

 

Immunocytochemistry and surface GluR2 staining 

 Transfected neurons were used for immunocytochemistry at DIV 14-16+5. 

Neurons were fixed with 4% paraformaldehyde/4% sucrose in PBS for 12 min on ice 

followed by 100% methanol for 10 min at –20°C, washed twice with PBS for 5 min on 

ice. Cells were permeabilized with 0.1% Triton X-100 in PBS for 10 min, and washed 

with PBS for 5 min. After blocking with normal goat serum (3%) in PBS for 1 h, the cells 

were incubated with mouse anti-PSD-95 (1:1000) and rabbit anti-PSD-93 (1:1000) 

antibodies followed by Alexa 546 or 647 conjugated secondary antibodies (Molecular 

Probes). Images were captured with a laser scanning fluorescent microscope LSM510 
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(Carl Zeiss) equipped with x63 oil emersion objective. Co-localization was analyzed 

using LSM510 analysis software. At least 500 PSD-93 positive clusters were analysed for 

PSD-95 co-localization in at least 7 independent cells per condition. Statistical 

significance was determined by student t test. 

 Surface GluR2 staining was performed as described in (Wyszynski et al., 2002). 

In short, surface GluR2 receptors were "live"-labeled with an antibody to an extracellular 

epitope of GluR2 (Chemicon) by incubating neurons in conditioned medium for 15 min 

at 37°C. Neurons were fixed with 4% paraformaldehyde/4% sucrose/PBS for 8 min and 

blocked with PBS containing 3% normal goat serum. Surface GluR2 was visualized with 

Alexa-546 conjugated secondary antibody. Stacks of fluorescent images were acquired 

with a LSM Pascal confocal laser microscopy system (Carl Zeiss) with 63x oil emersion 

objective. Quantification was carried out on proximal dendrites in at least nine 

independent, transfected neurons. For quantification of spine localization of surface 

GluR2 clusters only mushroom-shaped protrusions from the dendrite as visualized by 

GFP expression were analyzed using LSM Pascal co-localization analysis software. A 

spine was considered GluR2 positive if it co-localized with at least one surface GluR2 

cluster. The total number of spines along the analyzed dendrite was recorded. The length 

of a given dendrite was measured using LSM Pascal analysis software tools (Carl Zeiss). 

The number of spines was then normalized to 10µm. Filopodia like protrusions were 

excluded from the analysis. At least 250 spines were analyzed for each condition. Total 

surface GluR2 staining was assessed with the following criteria. Surface GluR2 clusters 

co-localized with the GFP marker anywhere on the dendrite analyzed. The number of 

clusters along the dendrite was counted and the length of the analyzed dendrite measured 
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using LSM Pascal analysis software tools. The number of clusters was normalized to 

10µm. At least 275 surface GluR2 clusters were analyzed in each condition in at least 

nine independent neurons. Statistical significance was determined by student t test. 

 

Lentivirus production and neuronal infection 

 For lentiviral particle production HEK293T cells were co-transfected with 

pLLox3.7 and helper vectors pDelta8.9 and pVSVg using Lipofectamine 2000 

(Invitrogen). 48h after transfection supernatant was collected and concentrated by 

ultrafiltration in Centricon Plus 100 (Millipore). Particles were aliquoted and stored at -

80°C. Particle titer was determined by infection of HEK293T cells. 48h after infection 

HEK293T cells were analyzed with a FACScalibur flow cytometer to determine titer. 

 Dissociated hippocampal neurons (see above) were infected at DIV 9-10 with 

MOI 2 and incubated for 6 more days in the presence of 5-Fluorodeoxyuridine and 

Uridine (Sigma). This achieved about 70% of infection efficiency. Neurons were then 

lysed with SDS-PAGE sample buffer. Lysates were analyzed with SDS-PAGE and 

Western blotting. Blots were probed with PSD-95, PSD-93, SAP97 and SAP102 as 

described above as well as anti NR-1 (1:2000) and anti Tubulin (1:1000) as loading 

control.  

 

Brain lysates and solubilization 

 PSD-95/PSD-93 double knockout mice and littermate control animals were 

sacrificed and the hippocampus isolated. Hippocampi were homogenized in 10 volumes 

H-Buffer (320mM sucrose, 2mM EDTA, 20mM TrisHCl pH8.0, 1mM PMSF). 
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Homogenate is centrifuged for 10 min 1000g. Supernatants S1 were used for further 

experiments.  For total protein extracts SDS was added to a final concentration of 1% and 

agitated for 1h at 4°C. Extracts were sonicated and the protein concentration was 

determined by Bradford assay. 25µg of total protein was loaded per lane and analyzed by 

SDS-PAGE and Western blotting.  P2 crude synaptosome fractions, prepared from the 

supernatant S1, were resuspended in an equal volume of TET buffer (1 % Triton X100, 

2mM EDTA, 20mM TrisHCl ph7.4 , 1 mM PMSF) and agitated for 1h, 4°C. Extracts 

were centrifuged at 100,000g for 1h. The supernatant is the Triton X100 soluble fraction. 

The pellet was resuspended in 0.1 vol of 1% SDS, 2mM EDTA, 20mM TrisHCl pH7.4. 

Then 0.9 volume of TET buffer was added and the extracts agitated for 1h at 4°C (Tomita 

et al., 2005b). Protein concentration was determined by Bradford assay. 5µg of protein 

were loaded per lane and analyzed by SDS-PAGE followed by Western blotting.  

Desitometric analysis was carried out using ImageJ software. Significance was 

determined by Students T-Test. 

 

Electrophysiology in acute slices  

 Conventional single-cell recordings in acute slices: Transverse hippocampal 

slices (300-400 µm thick) were prepared from PSD-95-/-, PSD-93-/-, PSD-95-/-/PSD-93-/-, 

heterozygous, and wildtype littermates (7-40 days old) as previously described (Luscher 

et al., 2000). To preclude bias, experimenter was blind to the genotype of the mice during 

fEPSP and AMPA/NMDA ratio experiments (except while using PSD-95-/-/PSD-93-/-

mice which were always clearly smaller than their littermate controls). Acute recordings 

were done at room temperature (24-28° C). Perfusion medium contained (in mM): 119 
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NaCl, 2.5 KCl, 1.3 MgSO4  (4 MgSO4, to measure AMPA/NMDA ratios and mEPSCs) 1 

NaH2PO4, 26.2 NaHCO3, 11 glucose, 2.5 CaCl2 (4 CaCl2, for AMPA/NMDA ratios and 

mEPSCs), 0.1-0.15 picrotoxin, saturated with 95% O2/5% CO2.. Inputs from CA3 to CA1 

were severed to prevent propagation of epileptic form activity.  

 Field EPSP recordings were made in CA1 stratum radiatum following stimulation 

of Schaffer collaterals with monopolar glass electrodes filled with 1 M NaCl. Synaptic 

responses were recorded with glass electrodes (3-5 MΩ) filled with 1M NaCl using a 

MutiClamp 700A amplifier (Axon Instruments). Paired pulse facilitation was obtained by 

delivering two stimuli at an interval of 40 ms. For experiments involving P30-40 animals, 

slices from each knockout genotype and control were interleaved in a given day. Thus, 

we generated complete input-output curves for each knockout genotype with respective 

control littermates. Statistical analyses showed no significant difference between control 

groups. Thus, we combined the controls and compared knockout values to this pooled 

control value.  

 NMDAR-mediated field EPSP recordings were made in CA1 stratum radiatum 

following stimulation of Schaffer collaterals with monopolar glass electrodes filled with 

1 M NaCl. Filed EPSP recordings were done in nominally free magnesium ACSF (0.1 

mM MgSO4) supplemented with 25 µM NBQX and 0.1-0.15 mM picrotoxin. Synaptic 

responses were recorded with glass electrodes (3-5 MΩ) filled with 1M NaCl using a 

MutiClamp 700A amplifier (Axon Instruments).  

 Somatic whole-cell voltage-clamp recordings were made from visually identified 

CA1 pyramidal neurons using 3-5 MΩ glass electrodes filled with internal recording 

solution containing (in mM) 125 CsMeSo3, 2.5 CsCl, 7.7 TEA, 5 QX-314, 4 Mg-ATP, 
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0.3 Na-GTP, 20 HEPES, 8 NaCl, 0.2 EGTA (or 10 BAPTA), pH 7.2, 280-290 mOsm. 

Series and input resistance were monitored and cells in which either parameter varied by 

25% during a recording session were discarded. AMPAR and NMDAR EPSCs were 

obtained by evoking dual component responses while voltage-clamping neurons at +40 

mV. One hundred µM APV (or 10 uM CPP) was then added to obtain the pure AMPA-R 

EPSC, and the NMDA-R component was derived by subtracting the AMPA-R EPSC 

from the compound EPSC. Inter-stimulus interval was 10 seconds. For experiments using 

BAPTA, responses were evoked 2 minutes after establishing whole-cell configuration. 

For recordings not using BAPTA, only cells in which the AMPAR EPSC after NMDAR 

blockade did not differ from baseline responses recorded at -70 mV before voltage-

clamping at +40 mV were included in the final analysis. For experiments involving P30-

40 animals, we generated complete AMPA/NMDA EPSC ratios for each knockout 

genotype with respective control littermates. Statistical analyses showed no significant 

difference between control groups. Thus, we combined the controls and compared 

knockout values to this pooled control value. mEPSCs were recorded at -70 mV in the 

presence of 0.5 µM tetrodotoxin, 0.1-0.15 mM picrotoxin, and 50 mM sucrose to increase 

the frequency of events. mEPSCs were analyzed off line with customized software using 

a threshold of 4 pA.  

 NMDAR EPSCs were obtained while voltage clamping cells at +40 mV and their 

amplitudes determined by measuring the peak of the pharmacologically isolated EPSC 

(ACSF supplemented with 25 µM NBQX and 0.15 mM picrotoxin). NMDAR EPSC 

decay times were determined The NMDAR EPSC decay time was determined as a single 
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weighted decay measure calculated from the area under the peak-normalized current for 

1.5 seconds after the peak. 

 All data are expressed as mean±S.E.M. Statistical significance was determined 

using two-tail paired t-tests (for EPSC amplitude comparisons in simultaneous paired 

recordings) or unpaired t-test (for NMDAR field EPSP and decay time comparisons). For 

mEPSC, statistical significance between distributions was determined using 

Kolmogorov-Smirnov test. 

 Dual whole-cell recordings in acute slices after electroporation: Transverse 

hippocampal slices (300 µm thick) were prepared from electroporated pups ranging from 

postnatal day 5 to 17 (see text). Dissection and slicing were carried out in sucrose 

solution (1-3° C) consisting of (in mM): 87 NaCl, 25 NaHCO3, 75 sucrose, 10 glucose, 

2.5 KCl, 1 NaHPO4, 0.5 CaCl2, 7 MgCl2. After sectioning, slices were incubated in 

sucrose solution for 30 and 25 minutes at 35-37° C and 25-28° C, respectively. Slices 

were then switched to, and maintained during the day in, artificial cerebrospinal fluid 

(ACSF), between 25-28° C, consisting of (in mM): 119 NaCl, 2.5 KCl, 4 MgSO4 (0.1 to 

measure NMDAR filed EPSPs), 1 NaH2PO4, 26.2 NaHCO3, 11 glucose, 4 CaCl2. Sucrose 

solution and ACSF were saturated with 95% O2/5% CO2. Inputs from CA3 to CA1 were 

severed to prevent propagation of epileptic form activity. 

 Recordings were done at room temperature (25-28° C) in ACSF supplemented 

with 0.1-0.15 picrotoxin and, depending on the experiment, 3 µM ifenprodil (to block 

NR2B-NMDARs), or 25 µM NBQX (to isolate NMDAR responses), or TTX (to measure 

mEPSCs), or a combination of these drugs (see text for details). For comparison of 

AMPAR and NMDAR EPSC amplitude synaptic responses were recorded 
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simultaneously using the dual whole-cell recording configuration from pairs of adjacent 

transfected (EGFP+) and untransfected neurons (at most 2 cell bodies apart) following 

electrical stimulation of a common pathway with a monopolar glass electrode filled with 

ACSF. Inter-stimulus interval was 10 seconds. The recording glass electrodes (3-5 MΩ) 

were filled with internal recording solution containing (in mM) 125 CsMeSo3, 2.5 CsCl, 

7.7 TEA, 5 QX-314, 4 Mg-ATP, 0.3 Na-GTP, 20 HEPES, 8 NaCl, 10 BAPTA, pH 7.2, 

280-290 mOsm. AMPAR EPSCs were evoked while voltage clamping cells at -70 mV 

and the amplitude was determined by measuring the peak of this response. NMDAR 

EPSCs were evoked while voltage clamping cells at +40 mV, and NMDAR EPSC 

amplitudes were determined, depending on the experiments (see text for details), either 

by measuring the amplitude of compound EPSCs 100 ms after the shock artifact, or by 

measuring the peak of the EPSC after blocking the AMPAR component with NBQX. 

Cell pairs were discarded if either the series or input resistance between cells in a pair 

differed by more than 20%.   

 To characterize the subunit composition of synaptic NMDARs, 

pharmacologically isolated (ACSF supplemented with 25 µM NBQX and 0.15 mM 

picrotoxin) NMDAR EPSCs were obtained using somatic whole-cell voltage-clamp 

(holding potential 40 mV) recordings from visually identified transfected and 

untransfected pyramidal neurons. The NMDAR EPSC decay time was determined as a 

single weighted decay measure calculated from the area under the peak-normalized 

current for 1.5 seconds after the peak, as described previously (Bellone and Nicoll, 2007). 

To minimize possible voltage-clamp artifacts that can affect the kinetics of the NMDAR 

EPSC, the size of the EPSC was typically limited to less than 200 pA. The NMDAR 
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EPSC percent block by ifenprodil was determeined by comparing the NMDAR EPSC 

peak amplitude 5 minutes before and 20-25 minutes after application of ifenprodil. 

Miniature EPSCs (mEPSCs) were recorded at -70 mV in the presence of 0.5 µM 

tetrodotoxin, 0.1-0.15 mM picrotoxin, and 50 mM sucrose to increase the frequency of 

events. mEPSCs were analyzed off line with customized software using a threshold of 4 

pA. To assay presynaptic release probability cells were voltage-clamped at -70 mV and  

two EPSCs were evoked with an inter pulse interval of 40 ms. The paired-pulse ratio was 

determined as the ratio of the amplitude of the second pulse and the first pulse.  Cells in 

which the series or input resistances changed by more than 25% during the duration of 

the experiment were discarded. 

 

Electrophysiology in slice culture 

 Standard procedures were used to prepare rat and mouse organotypic slice 

cultures from animals ranging from postnatal day 2-9 (Schnell et al., 2002; Stein et al., 

2003). All RNAi slice culture experiments (except those described in Fig. 8 F1-G3) were 

carried out in mature slices (see diagram below). Experiments described in Fig. 8 F1-G3 

were carried out using immature slices (see diagram below). All slice cultures were 

injected near the pyramidal cell layer with shRNA-containing Lentiviral particles at a 

titer raging from 10^6-10^8 cfu/ml. 
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Figure 1. Postnatal developmental time course in mature and immature slice cultres. 

Mature slices were made by plating the hippocampus of postnatal day 8 (P8, red arrow) 

animals, followed by lentiviral infection 2 days later (green arrow), and assaying synaptic 

transmission starting 5 days after infection (blue arrow). Immature slices were made by 

plating the hippocampus of P2 animals, infecting 1 day later, and assaying synaptic 

transmission starting 5 days after infection. 

 Synaptic response were evoked from pairs of infected and uninfected neurons 

simultaneously by electrically stimulating a common pathway with monopolar glass 

electrodes filled with external perfusion medium (see below).  Recordings were made 

from pairs of pyramidal neurons using 3-5 MΩ glass electrodes filled with an internal 

solution containing (in mM): 115 CsMeSO3, 20 CsCl, 10 HEPES, 2.5 MgCl2, 4 Mg-ATP, 

0.4 Na-GTP, 0.6 EGTA, 5 QX-314, pH 7.2, 290-300 mOsm. For experiments described 

in Figure 6D1-D3 the following internal was used (in mM): 107.5 Cs-gluconate, 20 

HEPES, 0.2 EGTA, 8 Na-gluconate, 8 TEA-Cl, 4 Mg-ATP, 0.3 Na3-GTP, 5 QX-314, pH 

7.2, 290 mOsm. External perfusion medium consisted of (in mM): 119 NaCl, 2.5 KCl, 4 

MgSO4, 1 NaH2PO4, 26.2 NaHCO3, 11 glucose, 4 CaCl2, saturated with 95% O2/5% CO2 

and included 0.1-0.15 picrotoxin and 5-10 2-Chloroadenosine to block inhibition and 

suppress epileptic activity. Series and input resistance were monitored and cells were 

discarded if they differed by more than 20%. AMPA-R EPSCs were evoked while 
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voltage clamping cells at -70 mV and the amplitude was determine by measuring the 

peak of this response. NMDA-R EPSCs were obtained while voltage clamping cells at 

+40 mV and the magnitude was determined by measuring the amplitude of the EPSCs 

60-100 ms after the shock artifact. Statistical difference was determined using two-tail 

paired t-test.  

 Miniature EPSCs were recorded at -70 mV in the presence of 0.5 µM 

tetrodotoxin, 0.1-0.15 mM picrotoxin, and 50 mM sucrose to increase the frequency of 

events (100 mM sucrose was added for experiments described in figure 6A-C). mEPSCs 

were analyzed off line with customized software using a threshold of 4 pA. For mEPSC, 

statistical significance between distributions was determined using Kolmogorov-Smirnov 

test. Somatic outside-out patches were clamped at -70 mV. AMPA-R currents were 

evoked by local application of 500 µM S-AMPA for 2 s in the presence of 100 µM 

cyclothiazide. Minimal stimulation experiments were carried out as previously described 

(Stein et al., 2003)  

 

In utero intraventricular injection and electroporation of plasmid constructs 

 Animals were maintained according to protocols approved by the Institutional 

Animal Care and Use Committee at UCSF. Plasmids were introduced into the developing 

cortex in vivo by intraventricular injection and electroporation (Saito and Nakatsuji, 

2001). Intraventricular injections were carried out in embryonic day 16 timed pregnant 

Sprague Dawley rats (Noctor et al., 2001). shRNA oligonucleotides were inserted into 

pLLox3.7 (generous gift from  Carlos  Lois). The following shRNA targeting sequences 

for PSD-95 and SAP102 were used: PSD-95: TCACGATCATCGCTCAGTATA; 
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SAP102 CCAAGTCCATCGAAGCACTTA. DNA was prepared in an endotoxin free 

manner (Qiagen Endo-free Mega Prep), and mixed with Fast Green dye (Sigma) prior to 

surgery to allow tracking of the injection. Dams were anesthetized with 

xylazine/ketamine and the uterine horns were exposed in a sterile hood environment and 

hydrated with saline. 1µl of DNA at a concentration of 1.7µg/µl was injected into the left 

lateral ventricle of all embryos using a bevelled glass micropipet and plunger 

(Drummond PCR micropipets 1-10µl). Immediately after DNA injection, 

electroporations were performed using an Electro Square Porator ECM830 (BTX 

Genetronics) (5 pulses, 50 V, 100ms, 1s interval). The electroporation tweezertrodes 

(BTX Genetronics, 7mm diameter) were orientated such that the positive electrode was 

adjacent to the right hemisphere and would drive the DNA from the left lateral ventricle 

into the cortical hem of the developing hippocampus. The uterus was placed back inside 

the dam and antibiotic/antimitotic was administered to reduce the chance of infection as 

well as buphenorphine for pain management.  The embryos were allowed to develop up 

to 17 days postnatally. A full video protocol of the in utero electroporation process is 

available, however the electrodes in the video are oriented to electroporate the cortex and 

not the medial hem (Walantus W, Elias LAB & Kriegstein, AR (2007) In utero 

intraventricular injection and electroporation of E16 rat embryos. Journal of Visualized 

Experiments. 6 <http://www.jove.com/index/Details.stp?ID=236& VID=222>).  

 

Live cell dye filling and confocal imaging 

 Adjacent transfected and untransfected neuron pairs were visually 

identified in acute slices of electroporated hippocampi. Recording pipettes were 
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filled with internal recording solution (see below) supplemented with 500 uM 

Alexa Fluor 488 or Alexa Fluor 568. Five to ten minutes after breaking into the 

cells the dyes had typically diffused allowing clear visualization of cell 

morphology. Pipettes were withdrawn from the cells, and slices were immediately 

fixed with ice cold 4% PFA for 1-3 hours, washed 2-4 times with ice cold PBS 

and imaged. Images were acquired on an Olympus Fluoview 1000 or a Leica TCS 

SP5   laser-scanning inverted confocal microscope. Images for the quantification 

of spines in Figure 3 were collected on the Olympus Fluoview 1000 microscope 

using the 40X water lens and 0.5µm z-steps. The 488 and 543 excitation lasers 

were used to excite Alexa Fluour 488 and Alexa Fluor 568 and were activated 

sequentially during image collection. Images of electroporated neurons in Figures 

S1 and 1 were collected on a Leica TCS SP5 microscope using a 10X (numerical 

aperture=0.4) air lens or a 63X (numerical aperture=1.4) oil lens with 1X zoom at 

the optimum pinhole size and Z-plane interval (10X lens: 53.04µm pinhole, 1.315 

z-step; 63X lens: 95.49µm pinhole, 0.118 z-step). The UV and 488 lasers were 

used to excite DAPI and EGFP respectively and were activated sequentially 

during image collection. To preclude bias, spine counting and pair-wise analysis 

of the number of spines per unit length of apical dendrite between groups was 

carried out in a blind manner. Images were analyzed using Photoshop 7.0. Spine 

density data are expressed as mean±s.e.m. Statistical significance was determined 

using two-tail paired t-tests. 
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Chapter 3: 

 

Synapse-Specific Targeting of AMPA Receptors by a Family of MAGUK 

Scaffolding Proteins in the Adult Hippocampus 

 

 

 

 

 

 

 



 30 

 

 

 

Introduction 

 

Brief repetitive activation of excitatory synapses leads to long-term changes in 

synaptic strength by rapidly redistributing synaptic AMPARs. Such changes may 

contribute to learning and memory.  However, the proteins involved in the synaptic 

trafficking of AMPARs are poorly understood. Determining whether PSD-MAGUKs 

play a role in synaptic transmission has been challenging. Whereas the PDZ domains of 

PSD-95 bind the C-terminal tails of NMDA receptor type-2 (NR2) subunits (Kornau et 

al., 1995) and thereby cluster NMDA receptors (NMDAR) (Sheng, 2001), overexpression 

of PSD-95 selectively increases synaptic AMPAR number (Beique and Andrade, 2003; 

Ehrlich and Malinow, 2004; El-Husseini et al., 2000; Nakagawa et al., 2004; Schnell et 

al., 2002; Stein et al., 2003). However, gene targeted truncation of PSD-95 fails to alter 

synaptic transmission mediated either by NMDARs or AMPARs (Migaud et al., 1998).  

 Several confounding factors may explain these conflicting results. PSD-MAGUK 

overexpression may lead to artificial protein-protein interactions.  In addition, molecular 

redundancy among PSD-MAGUKs may lead to functional compensation, thus 

confounding the phenotype of knockout (KO, -/-) mice. To determine whether PSD-

MAGUKs have a role in synaptic function, we combined experimental approaches.  First, 

we used short hairpin RNAs (shRNAs) for each PSD-MAGUK family member to acutely 

remove endogenous proteins. We then examined excitatory synaptic transmission in a 
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complete PSD-95 KO mouse (PSD-95-/-) (Yao et al., 2004), in a complete PSD-93 KO 

mouse (PSD-93-/-) (McGee et al., 2001) and in a double PSD-95/PSD-93 KO mouse 

(PSD-95-/-/PSD-93-/-).  Finally, we combined shRNA and overexpression experiments in 

PSD-MAGUK KO mice to test directly for functional redundancy and compensation.   

Understanding the physiological role of closely related proteins represents a 

recurring and challenging theme in modern biology. This study establishes novel 

experimental paradigms that can be broadly applied to unravel this knotty problem.  

 

Results 

 

shRNA interference of MAGUKs 

We first generated short-hairpin RNAs (shRNAs) against PSD-95, PSD-93, and 

SAP102 and tested their efficiency and specificity by co-expression with cDNA 

expression vectors in COS-7 cells (Fig. 1A).  Knockdown of PSD-MAGUK expression 

was strictly isoform specific and protein amounts were reduced below detection for each 

of the PSD-MAGUKs. Introducing silent point mutations in the relevant cDNAs prevents 

the knockdown, demonstrating target specificity (Fig. 1B). 

We used Western blot analysis to measure the effect of shRNA on the level of 

PSD-MAGUK protein in primary hippocampal cultures infected with shRNA-containing 

Lentivirus (Fig. 1C) (Lois et al., 2002). shRNA expression selectively reduced PSD-95, 

PSD-93 or SAP102 protein. Lentivirus expressing a control shRNA sequence had no 

effect. As the infection efficiency was ~70%, these results underestimate the knockdown 
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efficiency in infected cells. We confirmed the quantitative loss of PSD-95 protein in 

individual neurons by immunocytochemistry. 

Short hairpin RNA of SAP97 dramatically blocked expression of SAP97 in COS-

7 cells (not shown).  However, we were unable to reduce SAP97 protein in neuronal 

cultures. We tried two different shRNA constructs that were effective in COS-7 cells, and 

we tested multiple SAP97 antibodies (data not shown).  Thus we are unable to address 

the consequences of SAP97 deletion on synaptic transmission.     

 

shRNA knockdown and gene targeted deletion of PSD-95   

 We first examined the effect of PSD-95 shRNA.  As shown in Figure 2A surface 

GluR2 puncta localized at synaptic spines were greatly reduced in cultured dissociated 

neurons (DIV 19-21) expressing PSD-95 shRNA (42% of control). This decrease 

occurred without changing the density of dendritic spines (Fig. 2B). Total surface GluR2 

expression was effected to a similar degree (n=9 cells in each condition.  Control = 15.9 

+/- 1.2 and shPSD-95 = 8.2 +/- 1.7 clusters per 10µm of dendrite, p< 0.01). We used 

hippocampal slice cultures (Fig. 2C-I) to examine the effects on synaptic function.  Two 

to three days after preparation, slices were infected with PSD-95 shRNA-carrying 

Lentivirus and were left for a further 5-8 days.  We simultaneously recorded from an 

infected neuron and an uninfected neighbor and compared the synaptic responses evoked 

by a common input.  A typical experiment is shown by the traces in Fig. 2C1.  As 

reported previously (Nakagawa et al., 2004), the AMPAR component of the excitatory 

postsynaptic current (EPSC) was dramatically decreased in the infected cell, whereas 

there was no difference in the NMDAR component.  The results, shown in scatter plots 
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for all neuronal pairs (Fig. 2C2 and C3), demonstrate a 51% decrease in the size of the 

AMPAR EPSC (Fig. 2C2).  On the other hand, there is no change in the size of the 

NMDAR EPSC (Fig. 2C3). These effects are target-specific, as repeating the experiment 

in slice cultures made from PSD-95 -/- mice (see below) did not change either the 

AMPAR (Fig. 2D2) or NMDAR EPSC (Fig. 2D3). Also, using a control shRNA 

sequence did not effect the AMPAR EPSC (uninfected: 49.1±6.8 pA; infected 41.9±6.5 

pA. n=16, p=0.29) (data not shown). Slow turnover of PSD-95 does not explain the 

remaining AMPAR EPSC, as waiting 12-14 days after infection led to no further 

reduction (uninfected: 62.5±5.9 pA; infected 26.2±3.5 pA. n=12, p<0.0001) (data not 

shown). 

To understand the basis for the reduction in AMPAR EPSCs, we first evaluated 

miniature EPSCs (mEPSCs) (Fig. 2E-G).  In PSD-95 shRNA-infected neurons, there was 

no change in amplitude (Fig. 2F) but a large decrease in event frequency (Fig. 2G), 

suggesting that a population of synapses is silenced.  To ensure that a reduction in 

mEPSC amplitude could be observed, we reduced evoked EPSCs to a similar extent with 

the AMPAR antagonist NBQX.  With NBQX, a clear reduction in mean amplitude was 

observed (control: -15.1±1.2 pA, n=8; NBQX: -8.6±1.2 pA, n=3. p<0.05) (data not 

shown). To monitor silent synapses directly, we carried out minimal stimulation 

experiments to compare the incidence of failures in control and infected cells (Fig. 2H); 

failure rates were consistently enhanced in the infected cells.   

Where do AMPARs go after they have been removed from the synapse by 

shRNA PSD-95?  Previous experiments suggest that overexpression of PSD-95 recruits 

AMPARs from extra-synaptic membranes to the synapse (Schnell et al., 2002).  
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Consistent with PSD-95 shRNA causing redistribution from synapses to extrasynaptic 

membranes, we found that the size of AMPAR mediated currents in outside out somatic 

(non-synaptic) membrane patches was enhanced (Fig. 2I).     

Conflicting with our shRNA data, targeted truncation of PSD-95 in mice has no 

effect on synaptic transmission (Migaud et al., 1998). Might the difference be due to the 

remaining expression of the N-terminal fragment of PSD-95 in this mouse (Migaud et al., 

1998), which is necessary and sufficient for the overexpression enhancement (Schnell et 

al., 2002)? To address this, we examined synaptic transmission in acute hippocampal 

slices from postnatal day 30 to 40 mice that completely lack PSD-95 protein (Yao et al., 

2004) (Fig. 2J and K). First, we used extracellular field potential recording to compare 

the strength of synaptic transmission between control and PSD-95 -/- mice. The size of the 

presynaptic fiber volley (input) was compared to the size of the field excitatory 

postsynaptic potential (fEPSP) response (output). Over a range of stimulus strengths, no 

differences were observed between PSD-95-/- and control mice (Fig. 2J). Next, we 

compared the size of the AMPAR EPSC to that of the NMDAR EPSC. In contrast to our 

shRNA experiments, we found no difference in the AMPA/NMDA EPSC ratio (Fig. 2K), 

indicating that synaptic transmission is normal in the PSD-95-/- mouse.  

 

Effects of shRNA knockdown and gene targeted deletion of PSD-93  

Do other PSD-MAGUKs play a role in glutamate receptor synaptic clustering? 

We examined the role of PSD-93, which also localizes to dendritic spines in CA1 

hippocampal pyramidal neurons (Fig. 3A).  PSD-93 overexpression strongly enhances 

AMPAR EPSCs (Fig. 3B1 and B2). This enhancement was receptor-selective as there 
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was no change in NMDAR EPSCs (Fig.3B1 and B3).  In addition, shRNA knockdown of 

PSD-93 caused a 48% selective reduction in the size of the AMPAR EPSC (Fig. 3C1 and 

C2), with no change in NMDAR EPSCs (Fig. 3C1 and C3).  This effect on AMPAR 

transmission is target-specific because repeating the same experiment in the PSD-93-/-

mouse had no effect (Fig. 3D1-D3).  We examined the mechanism for this reduction by 

recording mEPSCs.  Similar to the results with PSD-95 shRNA, depletion of PSD-93 had 

no effect on the amplitude of mEPSCs (Fig. 3E and F), but did cause a clear reduction of 

the frequency of mEPSCs (Fig. 3G), suggesting that AMPARs are lost from a subset of 

synapses. 

We also analyzed synaptic transmission in the hippocampus of the PSD-93-/- 

mouse (McGee et al., 2001).  We first used field potential recording to evaluate the 

strength of synaptic transmission.  No difference in synaptic strength was found (Fig. 

3H). Next we examined the relative contribution of AMPA and NMDA receptors to the 

synaptic response (Fig. 3I); again, no difference could be detected.   

  

The effects of gene targeted deletion of PSD-95 and PSD-93 on synaptic 

transmission 

 As shRNA to either PSD-95 or PSD-93 diminish synaptic targeting of AMPARs, 

perhaps functional redundancy masks synaptic deficits in the single KO mice. To address 

this, we generated PSD-95/PSD-93 double KOs.  Unlike the single KOs, which were 

grossly indistinguishable from their littermates, PSD-95-/-/PSD-93-/- mice were clearly 

impaired. By three to five weeks of age these animals were noticeably smaller than 

control littermates (Fig. 4A) and typically died unless special care was provided from 
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weaning onward. The animals had impaired gait and were markedly hypokinetic. In these 

animals, field input/output curves revealed a 55% reduction in synaptic transmission (Fig. 

4B). Furthermore, the AMPA/NMDA EPSC ratio was reduced ~50% (Fig. 4C). These 

decreases occurred without any change in paired pulse facilitation (PPF) (Fig. 4G), 

indicating that the probability of transmitter release was unaltered.  Interestingly, as with 

shRNA knockdown of PSD-95 or PSD-93, the amplitude of mEPSCs was unchanged 

(Fig. 4D and E), but there was a dramatic reduction in the frequency (Fig. 4D and F).  

Western blotting of PSD-95-/-/PSD-93-/- hippocampal homogenates and litter mate 

controls showed no difference in the total amounts of GluR1, GluR2 and NR1 (Fig. 4H 

and I).  However, in accord with the electrophysiological data, the PSD-enriched fraction 

(Triton-X 100 insoluble) showed a significant loss of GluR1 and GluR2 (Fig. 4J and K), 

while NR1 remained unchanged.  

 

Role of SAP102 in synaptic transmission  

 What might account for the remaining transmission in the PSD-95-/-/PSD-93-/- 

mice? As this remaining transmission greatly exceeds the subtractive effects of the 

combined individual shRNA-mediated knockdowns, some type of compensation has 

presumably occurred. Might other PSD-MAGUKs contribute to clustering synaptic 

AMPARs?  We first carried out Western blotting on hippocampal homogenates from 

PSD-95-/-/PSD-93-/- mice and found no change in the total level of SAP97 whereas 

SAP102 expression was increased by about 20%  (Fig. 5A). Similar results were obtained 

for the PSD-enriched fraction (Fig. 5B). These results suggest that SAP102 may cluster 

the AMPARs that mediate the remaining synaptic transmission.   
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 Previous studies showed that overexpression of SAP102 selectively enhances 

AMPAR EPSCs (Schnell et al., 2002). However, we now found that knockdown of 

endogenous SAP102 with shRNA had no effect on basal synaptic transmission (Fig. 5C1-

C3), indicating that SAP102 is not required for synaptic AMPA or NMDA receptors at 

mature synapses. In striking contrast SAP102 shRNA expression in slice cultures from 

PSD-95-/-/PSD-93-/- mice caused a 52% reduction in the remaining transmission 

(equivalent to 82.5% from wild type) (Fig. 5D1 and D2). There was also a small 

reduction in the NMDA receptor component (Fig. 5D3).  No change in paired pulse 

facilitation was detected (Fig. 5E), indicating a postsynaptic change.  Concomitant with 

the reduction in evoked synaptic transmission, AMPAR-mediated mEPSC amplitude was 

decreased and frequency was further decreased (Fig. 6A-C), suggesting removal of 

AMPARs from all of the remaining synapses.  

The depression of the NMDAR EPSC is the first functional evidence that PSD-

MAGUKs may, in fact, play a role in synaptic targeting of NMDARs. Given this 

unexpected finding, we wished to ensure that this effect was not nonspecific. Therefore, 

we compared the effect of SAP102 shRNA on the AMPAR EPSC and the IPSC in slices 

from PSD-95-/-/PSD-93-/- mice.  In the presence of the NMDAR blocker APV we 

measured the size of the AMPAR EPSC at -60 mV, the reversal potential for the IPSC, 

and then measured the size of the IPSC at 0 mV, the reversal potential for the EPSC. The 

depression of the AMPAR EPSC by SAP102 shRNA was not accompanied by any 

change in the IPSC (Fig. 6D1-D3).  These experiments, as well as the fact that SAP102 

shRNA in mature wild type mouse slices had no effect, establish the specificity of the 

effects on both the AMPAR and NMDAR EPSCs.  
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 Our results show that shRNA-mediated knockdown of either PSD-95 or PSD-93 

results in ~ 50% reduction in AMPAR EPSC. In PSD-95-/-/PSD-93-/- mice AMPAR-

mediated transmission is reduced by 55%. In these mice, SAP102 is upregulated and is 

responsible for targeting much of the remaining AMPARs. Taken together, these results 

suggest that PSD-95 and PSD-93 determine the synaptic expression of most, if not all, 

AMPARs. Accordingly, simultaneous knockdown of PSD-95 and PSD-93 should reduce 

transmission by significantly more than 50%. To test this, we infected wild type slices 

with Lentiviral particles expressing PSD-95 shRNA and dsRed in parallel with particles 

expressing PSD-93 shRNA and EGFP. A substantial number of cells expressed both 

constructs (Fig. 7A).  In doubly infected cells AMPAR mediated synaptic transmission 

was reduced ~75% (Fig. 7B1 and B2).  Note that there is also a reduction in the NMDAR 

component accompanying the dramatic loss of AMPARs (Fig. 7B3). No significant 

change in paired pulse facilitation was detected (control: 1.6±0.1; infected: 2.0±0.2; 

n=15, p=0.07, data not shown) suggesting an entirely postsynaptic effect. These results 

with acute double shRNA are more dramatic than in the PSD-95-/-/PSD-93-/- mouse, but 

resemble results obtained with SAP102 shRNA in the PSD-95-/-/PSD-93-/- background.  

To ensure that the effects caused by the double shRNA are specific, we repeated these 

experiments in slices from PSD-95-/-/PSD-93-/- mice (Fig. 7C1 –C3).  No effect was 

observed, indicating the specificity of the results in the wild type slices. Taken together, 

these results strongly suggest that 1) when PSD-MAGUKs are deleted in the germ line, 

other PSD-MAGUKs can compensate and 2) PSD-MAGUKs are essential for targeting 

most all AMPARs to the synapse. 
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PSD-MAGUK-specific developmental regulation of synaptic AMPAR targeting   

 During development SAP102 is expressed strongly by postnatal day 10, whereas 

robust expression of PSD-95 and PSD-93 occurs three weeks later (Sans et al., 2000). 

The impairment in PSD-95-/-/PSD-93-/- mice (Fig. 4) matched this developmental 

expression profile. Thus one-week-old PSD-95-/-/PSD-93-/- mice were indistinguishable 

from their littermates (Fig. 8A). Moreover, one-week-old PSD-95-/-/PSD-93-/- mice 

showed no difference in the AMPA/NMDA ratio (Fig. 8B), mEPSC amplitude (Fig. 8C 

and D), or mEPSC frequency (Fig. 8E).  Furthermore, shRNA knockdown of PSD-95 did 

not affect synaptic transmission in immature synapses (Fig. 8F1-F3).  Whereas SAP102 

shRNA had no effect on mature synapses (Fig 5C1-C3), SAP102 shRNA caused a ~50% 

reduction specifically in AMPAR-mediated synaptic transmission in immature synapses 

(Fig. 8G1-G3). This establishes SAP102 as the dominant PSD-MAGUK for AMPAR 

trafficking during early postnatal development. 

 

Discussion 

 

 These results provide important new mechanistic insights into synaptic AMPAR 

targeting.  They also compare the utility of two widely used loss-of-function approaches 

– gene targeting and RNA interference (RNAi)-mediated knockdown.  Acute knockdown 

with shRNA shows that PSD-95 and PSD-93 normally mediate AMPAR targeting to 

mature synapses. Interestingly, these knockdowns silence a population of synapses, and 

have no effect on the remaining synapses, which indicate unexpected synaptic 

heterogeneity. Mice genetically lacking either PSD-95 or PSD-93 show little defect in 
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synaptic transmission. This reflects redundancy, as PSD-95-/-/PSD-93-/- mice show a clear 

defect. SAP102 is not necessary for receptor targeting at mature synapses, but is 

upregulated in the PSD-95-/-/PSD-93-/- mouse to mediate residual transmission. At 

immature synapses, PSD-95 and PSD-93 play a minor role, whereas SAP102 is primarily 

responsible for synaptic targeting of AMPARs.  Our results show a remarkable 

orchestration by PSD-MAGUKs in the synaptic trafficking AMPARs. 

 

Overexpression of PSD-MAGUKs   

 It has been shown that overexpression of PSD-95 and SAP102 enhanced AMPAR 

EPSCs, while SAP97 had no effect (Schnell et al., 2002). Similar results with PSD-95 

have been reported (Beique and Andrade, 2003; Ehrlich and Malinow, 2004; Nakagawa 

et al., 2004). More recent studies reported that SAP97 overexpression causes a modest 

enhancement of EPSCs both in slice culture (Nakagawa et al., 2004) and in dissociated 

neurons (Rumbaugh et al., 2003).  What might account for the different results?  In one 

study it was found that only one splice variant of SAP97 caused the enhancement in 

EPSCs (Rumbaugh et al., 2003). However, we used this variant in our past and present 

experiments, which involved expressing the untagged wild type construct (unpublished 

data).  In a final set of experiments we found that PSD-93 selectively enhanced AMPAR 

EPSCs. In summary, based on our experiments, overexpression of PSD-95, PSD-93 and 

SAP102, but not SAP97, robustly and selectively enhance AMPAR EPSCs. However, it 

has remained unclear whether these findings, based on overexpression, have any 

physiological relevance. Our generation of shRNAs that selectively and dramatically 

knockdown expression of PSD-95, PSD-93, and SAP102 allowed us to address this issue. 
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shRNA knockdown of PSD-MAGUKs   

 Knockdown of either PSD-95 or PSD-93 resulted in a selective 50% reduction in 

the AMPAR EPSC.  These effects were specific as a control shRNA construct had no 

effect, and expressing the PSD-95 or PSD-93 shRNAs in the PSD-95-/- or PSD-93-/- mice, 

respectively, were without effect.  Interestingly, knockdown of PSD-95 or PSD-93 

completely removed AMPARs from largely non-overlapping subpopulations of synapses 

without affecting the remaining synapses (Fig. 9). This finding indicates heterogeneity 

among excitatory synapses.  The nature of the heterogeneity is not obvious, because 

immunocytochemistry in dissociated neurons demonstrates that PSD-95 and PSD-93 

puncta closely colocalize, and virtually all excitatory synapses in cells expressing shRNA 

for PSD-95 lack PSD-95 staining, but do stain for PSD-93. However, electron 

microscopic immunogold studies have shown that co-localization of PSD-95 and PSD-93 

is much lower in vivo (~30%) than that observed in vitro (>90%) (Sans et al, 2000). 

Thus, it could be envisaged that AMPARs are removed from synapses only when the 

level of PSD-MAGUKs fall below a critical threshold, and that in those synapses that 

remain unaltered in a single shRNA experiment, the unaffected PSD-MAGUK is above 

threshold levels. shRNA knockdown of SAP102 had no significant effect on synaptic 

transmission at mature synapses indicating that both PSD-95 and PSD-93, but not 

SAP102, play an important role in maintaining AMPARs at mature excitatory synapses. 

How important is this role? 

 Our findings show that shRNA-mediated knockdown of either PSD-95 or PSD-93 

results in ~ 50% reduction in AMPAR EPSCs with a concomitant decrease in mEPSC 
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frequency. Taken together with our findings in the PSD-95-/-/PSD-93-/- mouse (see 

below), these results raised the possibility that PSD-95 and PSD-93 determine the 

synaptic targeting of most, if not all, AMPARs at mature synapses.  Indeed, simultaneous 

shRNA-mediated knockdown of PSD-95 and PSD-93 had additive effects, reducing 

AMPAR transmission by substantially more than 50%.   

 Single shRNA for PSD-95 or PSD-93 selectively reduces AMPAR transmission, 

whereas simultaneous double shRNA reduces both AMPAR and NMDAR EPSCs. A 

number of control experiments established that this reduction in the NMDAR EPSC was 

specific.  This suggests that PSD-95 and PSD-93 are key structural scaffolding elements 

of the PSD jointly required for proper synaptic expression of NMDA receptors. 

 The loss of synaptic AMPARs induced by knockdown of PSD-95 was 

accompanied by an increase in the number of AMPARs on extrasynaptic membranes, 

whereas the accumulation of synaptic AMPARs with PSD-95 overexpression diminishes 

extrasynaptic receptors (Schnell et al., 2002). This highlights the dynamic exchange of 

AMPARs between the synaptic and extrasynaptic compartments. 

 

Targeted gene deletion of PSD-95 and PSD-93 

 We have examined synaptic transmission in the hippocampus of mice lacking 

PSD-95 protein (Yao et al., 2004). As previously found in mice that express a truncated 

PSD-95 (Migaud et al., 1998), we found no defect in excitatory transmission in PSD-95-/- 

mice completely lacking PSD-95 protein. We have also studied synaptic transmission in 

the hippocampus in PSD-93-/- mouse (McGee et al., 2001) and found that synaptic 

transmission is normal.  Given the findings with shRNA, these negative results strongly 



 43 

imply that compensation occurs for loss of a single PSD-MAGUK. Indeed, AMPAR 

mediated synaptic transmission in the PSD-95-/-/PSD-93-/- mouse was reduced by 55%.  

As in the shRNA experiments, the defect in synaptic transmission was due to the all-or-

none silencing of a population of synapses.  

What might account for the remaining synaptic transmission in the absence of 

PSD-95 and PSD-93?  Knockdown of SAP102 in the PSD-95-/-/PSD-93-/- mouse removed 

53% of the remaining synaptic transmission. In this situation, the NMDAR EPSC was 

also reduced but not to the same extent as the AMPAR EPSC.  Considering that 

transmission is reduced by 55% in the double KO, the remaining transmission in cells 

expressing shRNA for SAP102 is only ~15 % of normal.  These results suggest that most 

all synaptic AMPARs require a PSD-MAGUK for proper synaptic targeting.  

 

PSD-MAGUK-dependent AMPAR synaptic targeting is developmentally regulated 

The role of various PSD-MAGUKs in synapse developmental is controversial. In 

dissociated neuronal cultures PSD-95 is reported to be the first PSD-MAGUK 

scaffolding protein present at nascent postsynaptic sites (El-Husseini et al., 2000; Rao et 

al., 1998).  However, other studies in intact brain suggest that PSD-95 is present at low 

levels at the early postnatal period, while SAP102 is expressed at high levels (Sans et al., 

2000). We have found that at early stages of synaptic differentiation, transmission does 

not require either PSD-95 or PSD-93.  Rather, SAP102 mediates synaptic AMPAR 

clustering in neonates. This is consistent with the developmental expression of PSD-

MAGUKs in the hippocampus.  The effect of acute knockdown of SAP102 on AMPAR-

mediated transmission is specific because NMDA receptor transmission is not affected. 
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This suggests that SAP102 is necessary for AMPAR trafficking to synapses that have 

already been formed and contain only NMDA receptors. SAP102 is significantly 

expressed during late embryonic development, an intensely synaptogenic period, 

suggesting SAP102 may also have a role in this earlier period. The functional relevance 

of the developmental switch in PSD-MAGUK-dependent AMPAR trafficking remains 

unclear. PSD-MAGUKs differ in their ability to interact with synaptic proteins. 

Presumably these differential binding abilities confer specific functions, independent of 

AMPAR trafficking. 

 

How do PSD-MAGUKs traffic AMPARs?  

Since most PSD-MAGUKs do not bind directly to AMPARs, an intermediary 

protein must be involved. It has been shown that the transmembrane protein stargazin and 

other members of the transmembrane AMPAR regulatory proteins (TARPs) likely serve 

this role (Chen et al., 2000; Schnell et al., 2002; Tomita et al., 2003). TARPs bind 

directly to AMPARs and to the first two PDZ domains of PSD-MAGUKs. It will be 

interesting to determine how general the PSD-MAGUK-TARP trafficking mechanism is 

at other synapses in the central nervous system. A number of issues remain to be 

addressed. We have found that, except for SAP97, the other PSD-MAGUKs appear to 

function in a similar manner. What advantage is conferred by this redundancy? One 

obvious advantage is robustness so that if one member of the family is lost the synapses 

can still function.  
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Fig. 1 shRNAs against PSD-95, PSD-93 and SAP102 cause selective knockdown in 

COS-7 cells and hippocampal neurons.  A) COS-7 cells were co-transfected with 

expression vectors for PSD-95, PSD-93 or SAP102 (wt cDNA) and an shRNA vector 

targeting each protein, respectively. shRNAs eliminated detectable protein for the 

targeted isoform without affecting the other two isoforms.  B) This knockdown was 

prevented by silent point-mutations in the cDNAs of the targeted isoform (pm cDNA). 

Control shRNA vector had no effect.  C) Dissociated hippocampal neurons were infected 

with Lentivirus (~70% efficiency) containing shRNA against PSD-95, PSD-93, SAP102 

or control sequence. Protein levels of PSD-95, PSD-93 or SAP102 are reduced by 

corresponding shRNAs in comparison to control virus. NR-1 and tubulin expression 

levels were unchanged. 
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Figure 2.  Reduced AMPAR mediated synaptic transmission after knockdown of 

PSD-95.  A) Dissociated rat hippocampal neurons infected with GFP (to visualize spine 

structure) and shRNA against PSD-95 showed a significant reduction in surface GluR2 

(sGluR2) clusters compared to neurons infected with GFP only. Scale bar: 5 µm.  B) The 

number of sGluR2 positive spines in PSD-95 shRNA infected neurons was reduced 

~50% (right panel) with no effect on total spine number (n=9 cells for each condition, 

*p<0.05).  C1-D3) For scatter plots, open circles represent amplitudes for single pairs and 

filled circles represent the mean±s.e.m. C1) Traces of evoked EPSCs recorded 

simultaneously from an uninfected wildtype neuron (top) and a neighbor infected with 

PSD-95 shRNA Lentivirus (middle). Distributions of EPSC amplitudes showing a 

significant reduction in the AMPAR EPSC (C2) but no change in the NMDAR EPSC 

(C3). D1) Traces of simultaneously recorded evoked EPSCs in pyramidal neurons from 

PSD-95-/- mice showing that PSD-95 shRNA expression has no effect on AMPAR (D2) 

or NMDAR (D3) EPSC. E-G) mEPSC sample traces (E, Scale bar: 20 pA, 250 ms) 

showing that shRNA-mediated knockdown of PSD-95 does not affect the mEPSC 

amplitude (F, n=9 pairs) but strongly reduces mEPSC frequency (G, n=15 pairs).  H) 

Top, superimposed traces showing responses to minimal stimulation from a control 

uninfected cell (left) and a PSD-95 shRNA-expressing cell (right). Scale bar: 25 pA, 10 

ms. Bottom, pair-wise comparison reveals a significantly larger incidence of failures in 

PSD-95 shRNA infected cells (uninfected: 27.3±8.5%; infected: 65.2±10%. n= 6 pairs. 

*p<0.05).  I) Top, traces of AMPA-evoked currents from outside-out somatic patches in 

uninfected control and PSD-95 shRNA expressing cells. Scale bar: 250 pA, 1s. Bottom, 

PSD-95 knockdown significantly increases extrasynaptic AMPAR responses (uninfected: 
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461.6±46.1, n=11; infected: 717.2±62.7, n=5. *p<0.05). J) Top, traces of AMPAR-

mediated field responses recorded from acute hippocampal slices from PSD-95 -/- and 

control mice. Scale bar: 0.5 mV, 5 ms. Bottom, input-output curve showing that for each 

input (fiber volley, FV) the output (fEPSP) is unchanged in the PSD-95 -/- relative to 

controls. Each point represents the mean±s.e.m. for each fiber volley (controls: n=56; 

PSD-95-/-, n=26. p>0.05 for all fiber volleys). K) Top, NMDAR and AMPAR EPSCs 

from PSD-95-/- and controls. Scale bar: 25 pA, 50 ms. Bottom, bar graphs showing no 

difference in the AMPA/NMDA EPSC ratio (controls: 0.69±0.04, n=40; PSD-95-/-: 

0.69±0.08, n=20. p= 0.94).  C1 and D1 Scale bars: 50 pA, 50 ms. 
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Figure 3.  Role of PSD-93 in synaptic transmission.   A) Fluorescent image showing 

appropriate targeting of GFP-PSD-93 fusion protein to dendritic spines (inset, red arrow). 

Scale bar: 50 µm.  B1-D3) Open and filled circles represent amplitudes for single pairs 

and mean±s.e.m., respectively. B1) Traces of evoked EPSCs recorded simultaneously 

from an uninfected neuron (left) and a neighbor over expressing PSD-93 (middle). 

Distributions show enhancement in the AMPAR EPSC (B2) but no change in the 

NMDAR EPSC (B3). C1) Traces of evoked EPSCs from an uninfected neuron (left) and 

a neighbor expressing PSD-93 shRNA (middle). Distributions show a reduction in the 

AMPAR EPSC (C2) but no change in the NMDAR EPSC (C3). D1) Traces showing that 

PSD-93 shRNA expression in neurons from PSD-93 -/- mice has no effect on AMPAR 

(D2) or NMDAR (D3) EPSCs. E-G) mEPSC traces (E, Scale bar: 25 pA, 250 ms) 

showing that shRNA-mediated knockdown of PSD-93 does not affect mEPSC amplitude 

(F, n=15) but reduces frequency (G, n=15). H) Sample traces of field responses recorded 

from PSD-93 -/- and controls. Scale bar: 0.5 mV, 5 ms. Input-output curve showing that 

for each fiber volley the fEPSP is unchanged in PSD-93 -/- (controls: n=56; PSD-93-/-: 

n=16. p>0.05 for every fiber volley. I) Sample NMDAR and AMPAR EPSCs from 

representative cells. Scale bar: 25 pA, 50 ms. Bottom, bar graphs showing no difference 

in the AMPA/NMDA EPSC ratio (control: 0.69±0.04, n=40; PSD-93 -/-: 0.7±0.08, n=11. 

p=0.92). Scale bars for B1, C1, D1: 50pA, 50 ms. 
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Figure 4.  Impaired AMPAR-mediated transmission in mice lacking PSD-95 and 

PSD-93.  A) Postnatal day 32 (P32) PSD-95 -/-/PSD-93 -/- and PSD-95 +/-  /PSD-93 -/+ 

littermates. B) Top, traces of AMPAR-mediated field responses recorded from PSD-95 -/-

/PSD-93 -/- and controls. Scale bar: 0.5 mV, 5ms. Bottom, input-output curve showing a 

reduction in the input-output relation in PSD-95 -/-/PSD-93 -/- (controls: n=56; PSD-95 -/-

/PSD-93 -/-: n=15. p<0.05 for FV= 0.2-0.6). C) Top, NMDAR and AMPAR EPSCs 

recorded in pyramidal neurons from PSD-95 -/-/PSD-93 -/- and controls. Scale bar: 25 pA, 

50 ms. Bottom, AMPA/NMDA EPSC ratio bar graphs showing a reduction in PSD-95 -/-

/PSD-93 -/- mice (control: 0.69±0.04, n=40; PSD-95 -/-/PSD-93 -/-: 0.34±0.04, n=8. 

***p<0.001). D-F) mEPSC sample traces (D, scale bar: 25 pA, 250 ms) and cumulative 

probability distributions showing no change in mEPSC amplitude (E) but a significant 

reduction in mEPSC frequency (F) in PSD-95 -/- /PSD-93 -/- mice (control: n=16; PSD-95 -

/-/PSD-93 -/-: n=13). G) PPF sample traces (top, scale bar: 0.25 mV,10 ms) and summary 

(bottom) showing no difference between PSD-95 -/-/PSD-93 -/- and controls (controls: 

1.3±0.06, n=21; PSD-95 -/-/PSD-93 -/-: 1.28±0.06, n=17. p=0.97). H-I) Total glutamate 

receptor levels in PSD-95-/-/PSD-93-/- mice are unchanged.  Western blotting of SDS-

solubilized homogenates of PSD-95-/-/PSD-93-/-and littermate controls reveals no 

difference in total NR-1, GluR1 or GluR2/3 levels (n=4). J-K) In Triton X-100 insoluble, 

PSD-enriched, membrane fraction, GluR1 and GluR2/3 are reduced ~30%, whereas there 

is no change in NR-1. (n=3, *p<0.05).  
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Figure 5.  Functional compensation by SAP102 in the absence of PSD-95 and PSD-

93.  A) SAP102 protein level increases in hippocampal homogenates of 4 week old PSD-

95-/-/PSD-93-/- (n=4, *p<0.05). B) Elevated amount of SAP102, but not SAP97 in Triton 

X-100 insoluble, PSD-enriched fraction from PSD-95-/-/PSD-93-/- hippocampal 

membranes. NR-1 is shown as loading control (n=3, *p<0.05). C1-D3) Open and filled 

circles represent amplitudes for single pairs and mean±s.e.m., respectively. C1) Traces of 

evoked EPSCs from an uninfected wildtype neuron (top) and a neighbor expressing 

SAP102 shRNA (middle). Distributions of EPSCs showing no effect of SAP102 shRNA 

expression on AMPAR EPSC (C2) or NMDAR EPSC (C3). D1) Traces of EPSCs in 

pyramidal neurons from PSD-95 -/-/PSD-93 -/- mice showing that SAP102 knockdown 

reduces AMPAR EPSC (D2) and modestly reduces the NMDAR EPSC (D3). E) PPF 

[sample traces (left, scale bars: 10 pA, 25 ms) and summary bar graphs (right)] was not 

affected by SAP102 shRNA expression in neurons from PSD-95 -/-/PSD-93 -/- mice 

(uninfected: 2.0±0.06, n=21; infected: 1.9±0.09, n=21. p=0.16). Scale bars for C1 and 

D1: 25 pA, 50 ms. 
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Figure 6. SAP102 shRNA expression in the absence of PSD-95 and PSD-93 reduces 

the amplitude and frequency of miniature EPSCs. A-C) AMPAR-mediated mEPSC 

traces (A, scale bar: 25 pA, 250 ms) and cumulative distributions showing that shRNA-

mediated knockdown of SAP102 in PSD-95 -/-/PSD-93 -/- mouse slice culture reduced the 

mEPSC amplitude (B, n=13) and frequency (C, n=13). D1-D3) shRNA of SAP102 in 

pyramidal neurons from PSD-95 -/-/PSD-93 -/- mice reduces AMPAR EPSCs but not 

IPSCs. D1) Traces of evoked EPSCs (downward deflection) and IPSC (upward 

deflection) from an uninfected neuron (left) and a neighbor expressing SAP102 shRNA 

(middle). Overlay inset shows the evoked EPSCs in larger scale. D2-D3) Distributions of 

EPSCs showing that SAP102 shRNA expression reduces AMPAR EPSC (D2) but has no 

effect on GABAA IPSCs (D3). Open and filled circles represent amplitudes for single 

pairs and mean±s.e.m., respectively. Scale bar: 50 pA, 50 ms. Inset scale bar: 10 pA, 25 

ms. 
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Figure 7. Dual shRNA-mediated knockdown of PSD-95 and PSD-93 in single 

neurons.  A) DIC image of a hippocampal pyramidal neuron (left, white arrow) doubly 

infected with Lentivirus encoding PSD-93 shRNA with EGFP and PSD-95 shRNA with 

dsRed. Merged EGFP and dsRed fluorescent images shown on the right. Scale bar: 50 

µm. B1 and C1) Traces of evoked EPSCs from an uninfected neuron (top) and a neighbor 

doubly expressing PSD-95 and PSD-93 shRNA (middle) in (B1) wildtype rat and (C1) 

PSD-95 -/-/PSD-93 -/- mouse slice culture. Scale bar: 50 pA, 50 ms. For scatter plots open 

and filled circles represent amplitudes for single pairs and mean±s.e.m., respectively. B2-

B3) EPSC amplitudes show a large reduction in the AMPAR EPSC (B2) and a small 

reduction in the NMDAR EPSC (B3) in wildytpe slices.  C2-C3) Distribution of EPSCs 

showing no effect of simultaneous PSD-95 and PSD-93 shRNA expression on AMPAR 

or NMDAR EPSC amplitudes in PSD-95 -/-/PSD-93 -/-  mouse slices. 
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Figure 8. PSD-MAGUK AMPAR trafficking in neonatal mice.  A) Postnatal day 8 

(P8) PSD-95 -/-/PSD-93 -/- and PSD-95 +/-/PSD-93 -/+littermates are not obviously different 

in size. B) Top, NMDAR and AMPAR EPSCs from representative cells from PSD-95 -/-

/PSD-93 -/- and controls. Scale bar: 25 pA, 50 ms. Bottom, summary bar graphs showing 

no significant difference in the AMPA/NMDA EPSC ratio (controls: 0.19±0.03, n=21; 

PSD-95 -/-/PSD-93 -/-: 0.17±0.02, n=13. p=0.75). C-E) mEPSC sample traces (C, scale 

bar: 25 pA, 250 ms) and probability distributions showing no change in mEPSC 

amplitude (D) or mEPSC frequency (E) (controls: n=17; PSD-95 -/-/PSD-93 -/-: n=12). F1-

G3) Open and filled circles represent amplitudes for single pairs and mean±s.e.m., 

respectively. F1) Traces of evoked EPSCs from an uninfected neuron (left) and a 

neighbor expressing PSD-95 shRNA (middle) in wildtype immature slice cultures. Scale 

bar: 25 pA, 50 ms. Distributions of EPSC amplitudes showing no significant difference in 

the AMPAR EPSC (F2) or NMDAR EPSC (F3). G1) Traces of evoked EPSCs from an 

uninfected P8 neuron (top) and a neighbor infected with SAP102 shRNA (middle) in 

wildtype immature slice cultures. Scale bar: 20 pA, 50 ms. Distributions of EPSC 

amplitudes showing a significant reduction in the AMPAR EPSC in cells expressing 

SAP102 shRNA (G2) with no change in the NMDAR EPSC (G3). 
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Figure 9. PSD-95 and PSD-93 determine the number of AMPA receptors in a 

synapse-specific manner. The diagram depicts two possible scenarios underlying the 

50% reduction in the evoked AMPAR EPSC resulting from shRNA-mediated 

knockdown of PSD-95 or PSD-93 at mature synapses: uniform loss of half AMPARs 

from all synapses (left arrow); or synapse-specific loss of all AMPARs from a subset of 

synapses (right arrow). 
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Chapter 4: 

 

Differential Trafficking of AMPA and NMDA Receptors by SAP102 and PSD-95 

Underlies Synapse Development 
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Introduction 

 

 An important goal of developmental neurobiology is to identify the sequence of 

molecular events that constitute excitatory synapse development, a process that can be 

divided into two distinct stages: synaptogenesis and synapse maturation. After the 

specification of cell-to-cell contacts mediated by cell adhesion molecules (Craig et al., 

2006; Kim et al., 2006; Ko et al., 2006; Washbourne et al., 2004a), synaptogenesis 

involves the initiation of chemical communication through the recruitment of pre- and 

post-synaptic proteins necessary for fast synaptic transmission. These include presynaptic 

vesicular proteins, postsynaptic AMPA and NMDA glutamate receptors, as well as 

scaffolding and signaling molecules (McAllister, 2007; Waites et al., 2005). 

Synaptogenesis is followed by a stage of synapse maturation. Glutamategic synapse 

maturation is characterized by two major functional events.  

The first event is an increase in the strength of AMPAR-mediated transmission, 

which is thought to involve the addition of AMPARs to all synapses, including synapses 

previously containing only NMDARs, so called silent synapses (Durand et al., 1996; 

Petralia et al., 1999; Wu et al., 1996). The second event is a switch in the subunit 

composition of synaptic NMDARs, a process thought to be critical for experience-

dependent wiring of neural circuits.  NMDARs are composed of two obligatory NR1 

subunits and two NR2 subunits, of which there are four members (NR2A-D) (Cull-Candy 

and Leszkiewicz, 2004). Interestingly, NR2B-containing receptors (NR2B-NMDARs) are 

expressed during synaptogenesis, but are replaced by NR2A containing receptors 
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(NR2A-NMDARs) during synapse maturation (Flint et al., 1997; Monyer et al., 1994; 

Sans et al., 2000; Sheng et al., 1994), and this accounts for the developmental decrease in 

the NMDAR EPSC decay time (Bellone and Nicoll, 2007; Carmignoto and Vicini, 1992; 

Hestrin, 1992; Philpot et al., 2001) and the loss of sensitivity to the NR2B antagonist 

ifenprodil (Bellone and Nicoll, 2007; Kirson and Yaari, 1996). The precise molecular 

mechanisms underlying the differential synaptic trafficking of AMPAR and NMDAR 

during developmental synaptogenesis and maturation remain largely unknown. 

 Developmental studies using dissociated hippocampal neurons in vitro found that 

PSD-95 is one of the earliest constituents of the PSD (McAllister, 2007; Waites et al., 

2005). Furthermore, overexpression of either PSD-95, SAP97, or SAP102 during synapse 

development in vitro (spanning synaptogenesis and synapse maturation) concomitantly 

enhanced presynaptic recruitment of active zone proteins and active zone size and 

postsynaptic clustering of AMPARs and dendritic spine size and density, resulting in 

increased uptake of FM4-63 styryl dye and AMPAR mediated transmission, respectively 

(El-Husseini et al., 2000; Regalado et al., 2006). However, PSD-MAGUK loss-of-

function studies present a more complicated picture. While shRNA-mediated knockdown 

of PSD-95 during synapse development in vitro modestly decreased the number of 

synaptic contacts (Prange et al., 2004), glutamatergic synaptic transmission in one-week-

old PSD-95 -/- (Beique et al., 2006) and PSD-95 -/-/PSD-93 -/- mice is unaffected (Elias et 

al., 2006). Together with the developmental expression patterns (Sans et al., 2000) these 

result would appear to challenge the proposed role of PSD-95 in synaptogenesis.  

Whether SAP102 plays a role in trafficking glutamate receptors during 

synaptogeneis/maturation is unknown. 
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The coincidence in the developmental switch from NR2B- to NR2A-NMDARs 

and the switch in PSD-MAGUK subtype expression from SAP102 to PSD-95 raises the 

possibility that the two processes are related (van Zundert et al., 2004). However, a 

functional role for PSD-MAGUKs in NMDAR trafficking is less clear. Gain-of-function 

(by overexpression) and loss-of-function (by shRNA-mediated knockdown) experiments 

in neurons cultured in vitro have found surprisingly little (Ehrlich et al., 2007; Futai et al., 

2007; Kim et al., 2007) or no effect (Beique and Andrade, 2003; Ehrlich and Malinow, 

2004; Elias et al., 2006; Schluter et al., 2006; Schnell et al., 2002; Stein et al., 2003) on 

the amplitude of NMDAR synaptic transmission. On the other hand, overexpression of 

PSD-95 in cultured cerebellar granule cells promotes NR2A-NMDAR synaptic 

expression (Losi et al., 2003) and there is a greater contribution of NR2B-NMDAR 

mediated transmission in juvenile PSD-95 KO mice (Beique et al., 2006). However, in 

another line of PSD-95 mutant mice (Migaud et al., 1998) the total expression level and 

synaptic localization of NR2A-NMDARs in the adult hippocampus are unaffected (Park 

et al., 2008). Furthermore, knockdown of PSD-95 in slice culture does not affect the 

relative contribution of NR2B- or NR2A-NMDARs to NMDAR transmission (Ehrlich et 

al., 2007). Overall, the role of PSD-MAGUKs in NMDAR trafficking, if any, remains to 

be determined. 

 To study the molecular mechanism underlying synapse development in vivo we 

combine in utero electroporation, prior to synaptogenesis, of PSD-MAGUK cDNA and 

shRNA plasmid vectors (Elias et al., 2006) with electrophysiology, to quantitatively 

examine excitatory synaptic transmission in acute hippocampal slices at different 
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developmental stages. Furthermore, we complement these manipulations with studies in 

PSD-MAGUK knockouts.  

This study identifies a central molecular mechanism governing the changes in 

glutamate receptor number and subtype during synaptogenesis and synapse maturation. 

Our findings highlight the fact that individual PSD-MAGUKs have distinct specific roles 

during synaptogenesis and synapse maturation, not only because of their different 

developmental expression patterns, but also because of their selective ability to traffic 

distinct receptor subtypes. In addition, by combining for the first time in utero 

electroporation with simultaneous dual whole-cell recordings in acute hippocampal slices 

at different developmental stages, this study establishes a novel experimental system for 

the functional study of the molecular regulation of distinct stages of synapse development 

in vivo. 

 

Results 

 

Novel system to study the molecular mechanisms of discrete stages of synapse 

development in vivo  

 To study the molecular mechanisms underlying excitatory synapse development 

in vivo we combined in utero electroporation, to manipulate the expression of synaptic 

proteins in single hippocampal CA1 pyramidal neurons, and electrophysiology, to assay 

synaptic transmission using dual whole-cell recordings in acute slices at different 

postnatal developmental stages. In utero intraventricular injection of a control enhanced 

green fluorescent protein (EGFP) expression vector was followed by electroporation of 
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the cortical hem of the rat brain at embryonic day 16 (E16) (Figure 1 A), the region of the 

developing brain that harbors the neural stem cells that give rise to pyramidal neurons of 

the hippocampus. Analysis of E21 (Figure 1B) and postnatal day 7 (P7, Figure 1C) acute 

hippocampal slices revealed a mosaic distribution of electroporated neurons (EGFP+) in 

the CA fields, including CA1, confirming that progenitors that give rise to CA1 neurons 

are present at the ventricular wall at E16. All following in utero electroporations were 

thus carried out at E16.  

Simultaneous dual whole-cell recordings from EGFP+and untransfected CA1 

neuron pairs in acute hippocampal slices revealed no significant difference in the 

amplitude of AMPAR or NMDAR excitatory postsynaptic currents (EPSCs) between 

cells (Figure 1D-F). Other measures of cellular membrane integrity such as input 

resistance and series resistance were also unaltered (data not shown). This demonstrates 

that in utero electroporation of pyramidal neuron progenitors with EGFP does not impair 

excitatory synapse development.  

 

PSD-95 is not necessary for synaptogenesis  

 We began by studying the role of PSD-95 in synaptogenesis by in utero injection 

and electroporation of a PSD-95-EGFP lentiviral expression vector. PSD-95-EGFP 

overexpressing neurons were distributed throughout the hippocampal CA1 region by P7 

(Figure 2A, B). PSD-95-EGFP was clustered in the dendrites of transfected neurons, 

often in spine structures, consistent with trafficking to putative synapses (Figure 2C, 

white arrowheads). Simultaneous dual whole-cell recordings at P6-8 revealed a 5-fold 

increase in the amplitude of AMPAR EPSCs in PSD-95 overexpressing neurons 
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compared to untrasfected neighbors (Figure 2D, E). This effect was receptor selective 

since the amplitude of the NMDAR-mediated component estimated from the 

compounded EPSCs was slightly, though not significantly, enhanced (Figure 2F). To 

better ascertain the effects of PSD-95 overexpression on NMDAR synaptic trafficking, 

we used 25 µM NBQX to pharmacologically isolate the NMDAR EPSC to compare peak 

amplitudes (Figure 2G). Under these conditions, the NMDAR EPSC peak amplitudes 

between PSD-95 overexpressing and untransfected neurons were not significantly 

different (Figure 2H). Consistent with an effect specifically on postsynaptic AMPARs, 

the paired-pulse ratio (PPR), a measure of presynaptic release probability, did not differ 

between neuron groups (Figure 2I). These data indicate that PSD-95 overexpression in 

vivo during synaptogenesis selectively increases the amplitude of AMPAR-mediated 

synaptic transmission, without affecting the number of synapses since there was no 

change in the amplitude of NMDAR EPSCs, or presynaptic release probability.  

 To determine whether PSD-95 is necessary for synaptogenesis, we knocked down 

endogenous PSD-95 by in utero electroporation of a dual cassette lentiviral vector, 

encoding both a shRNA hairpin directed against PSD-95 and an EGFP reporter (Elias et 

al., 2006), and assayed excitatory synapses at P6-8. Surprisingly, PSD-95 knockdown did 

not affect the amplitude of AMPAR- or NMDAR-mediated transmission, as determined 

by simultaneous recordings from knockdown and adjacent control neurons (Figure 3A-

C). In agreement with this, there was no change in the amplitude (Figure 3D, E) or 

frequency (Figure 3F) of AMPAR miniature excitatory postsynaptic currents (mEPSC). 

In addition, the decay time of pharmacologically isolated NMDAR EPSCs was the same 

between PSD-95 shRNA-expressing and control neurons (Figure 3G), suggesting that 
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PSD-95 does not regulate the subunit composition of NMDARs during synaptogenesis. 

Finally, there is no change in the presynaptic release probability since the paired-pulse 

ratio was also normal (Figure 3H). These data suggest that PSD-95 does not play a 

necessary role in synaptogenesis. Thus, the overexpression effect most likely represents a 

gain of function phenotype that does not correspond with a role of endogenous PSD-95 in 

AMPAR trafficking during synaptogenesis.   

 

SAP102 coordinates AMPA and NMDA receptor synaptic trafficking during 

synaptogenesis. 

 What might be responsible for glutamate receptor trafficking during 

synaptogenesis? To examine the role of SAP102 in this process we overexpressed 

SAP102-EGFP by in utero electroporation. In contrast to PSD-95 overexpressing 

neurons, which showed a 5 fold increase in AMPAR EPSC amplitude but no change in 

NMDAR responses at P6-8, SAP102 overexpressing neurons showed a 3-fold 

enhancement in AMPAR EPSC amplitude concomitant with a 2-fold increase in the 

amplitude of NMDAR EPSCs relative to untransfected control neurons (Figure 4A-C). 

The locus of this effect is most likely postsynaptic since there was no change in 

presynaptic release probability (Figure 4D). In striking contrast to the lack of effect with 

PSD-95-specific shRNAs, knockdown of SAP102 reduced both AMPAR and NMDAR 

EPSC amplitudes (Figure 4E-G). Moreover, mEPSC analysis revealed reductions in 

mEPSC amplitude (Figure 4I, J) and frequency  (Figure 4I, K), suggesting removal of 

AMPARs from all synapses. Similar to the overexpression scenario, the SAP102 shRNA 
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effects are likely due to postsynaptic modifications since the probability of presynaptic 

release was unaltered (Figure 4H).  

 A reduction in AMPAR and NMDAR transmission in the absence of changes in 

presynaptic release probability could be due to a structural loss of spines that contain 

glutamate receptors. To examine this possibility we used patch recordings pipettes to 

simultaneously fill neighboring pairs of untransfected and SAP102 shRNA expressing 

neurons with fluorescent dyes of different emission wavelengths (Figure 4L). Five to ten 

minutes after breaking into the cell the dyes had typically diffused allowing clear 

visualization of cell morphology including the apical and basal dendritic arborizations as 

well as dendritic spines (Figure 4M, white arrowheads). A pair-wise analysis of the 

number of spines per unit length of apical dendrite between groups revealed no difference 

in the number of spines (Figure 4N) or total dendritic length (data not shown). These data 

suggest that SAP102 co-regulates the synaptic trafficking of AMPARs and NMDARs 

during synaptogenesis, rather than spine formation itself.  

 

NMDAR trafficking by SAP102 during synaptogenesis 

 During synaptogenesis, NMDAR transmission is largely mediated by NR2B-

NMDARs and this explains both the sensitivity of NMDAR EPSCs to the NR2B 

antagonist infenprodil and their considerably slow decay time. Knockdown of SAP102 

during synaptogenesis reduced the amplitude of NMDAR transmission (Figure 5A1) thus 

raising the question: Is SAP102 selective or promiscuous with respect to its ability to 

regulate the synaptic trafficking of NR2B-NMDARs and NR2A-NMDARs?  To 

distinguish between these possibilities we knocked down SAP102 by in utero 
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electroporation and measured the decay time of pharmacologically isolated NMDAR 

EPSCs at P6-8. SAP102 knockdown reduced the peak amplitude of NMDAR EPSCs 

(Figure 5A1) but did not affect their decay times (Figure 5A). In addition, SAP102 

overexpression during this period increased the peak amplitude of NMDAR EPSCs 

(Figure 5B1) but did not affect their decay times (Figure 5B). These data suggest that the 

NMDARs removed from, or added to, synapses by knockdown or overexpression, 

respectively, are of the same subunit composition as those present in control synapses, 

that is predominantly, but not exclusively, NR2B-NMDARs. If this is true, then the 

percent block by ifenprodil of NMDAR EPSCs evoked in SAP102 overexpressing 

neurons should be similar to the percent block in control neurons. Indeed, the percent 

block of peak NMDAR EPSCs by ifenprodil was similar between SAP102 

overexpressing and untransfected control neurons (Figure 5C), suggesting that SAP102 

has the ability to traffic both NR2B-NMDARs as well as NR2A-NMDARs. Consistent 

with this interpretation, overexpression of SAP102 from E16 to a developmental period 

when NMDAR transmission is dominated by NR2A-NMDARs (i.e., at P15-17) increased 

the peak amplitude (Figure 5D) but had no effect on the decay kinetics (Figure 5F) of 

NMDAR EPSCs relative to untransfected control neurons. Note that at P15-17 the 

NMDAR EPSC decay kinetics are significantly faster than at P7 because of the 

preponderance of synaptic NR2A-NMDARs at this developmental stage. As would be 

expected, overexpression of SAP102 from E16 to P15-17 significantly increased the 

amplitude of AMPAR EPSCs (Control: 64.6±22.3 pA, n = 5; SAP102 Overexpression: 

150.6±27.2 pA, n = 5; p < 0.05) (data not shown).    
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SAP102 does not play a necessary role in synapse maturation 

 Excitatory synaptogenesis is followed by a period of synapse maturation which is 

characterized by an increase in the strength of AMPAR-mediated transmission and a 

switch in the subunit composition of synaptic NMDARs from NR2B- to NR2A-

NMDARs. To determine whether SAP102 is necessary for the maturation of excitatory 

synapses we knocked down SAP102 in utero and assayed synaptic transmission at P15-

17. Simultaneous dual-whole cell recordings revealed no difference in the amplitude of 

either AMPAR (Figure 6A-B) or peak NMDAR (Figure 6C-D) EPSCs between SAP102 

shRNA expressing neurons and neighboring controls. We then examined the subunit 

composition of NMDARs in SAP102 shRNA expressing neurons by measuring the decay 

time of pharmacologically isolated NMDAR EPSCs. Although the decay time was faster 

than at P7, there was no difference in the decay time between SAP102 shRNA expressing 

neurons and slice-matched control neurons (Figure 6E). These results suggest that, 

although SAP102 is necessary for AMPAR and NMDAR synaptic targeting early in 

development, it is not a prerequisite for the proper targeting of these receptors later in 

development.  

 

PSD-95 co-regulates the synaptic trafficking of AMPARs and the switch from 

NR2B- to NR2A-NMDARs underlying synapse maturation 

 Previous studies have shown that PSD-95 is necessary for AMPAR synaptic 

trafficking but it remains unclear whether this reflects a role in synaptogenesis or/and 

synapse maturation. We have shown that knockdown of PSD-95 during an intensely 

synaptogenic period, i.e., first postnatal week, does not affect AMPAR or NMDAR 



 75 

EPSC amplitude (Figure 3). Might PSD-95 be necessary for synapse maturation? To 

address this question we knocked down PSD-95 in utero and examined the strength of 

synaptic AMPAR transmission and the subunit composition of NMDARs at P15-17. In 

contrast to the lack of effect with SAP102 knockdown at this time point, PSD-95 shRNA 

expressing neurons showed a 50% reduction in AMPAR EPSC amplitude (Figure 7A, B). 

The locus of this effect is most likely postsynaptic since the paired-pulse ratio was not 

different between control and PSD-95 shRNA expressing neurons (Control: 1.74±0.2, n = 

7; PSD-95 shRNA: 1.9±0.1, n = 8; p = 0.35) (data not shown).  

Surprisingly, while the peak amplitude of pharmacologically isolated NMDAR 

EPSCs did not differ between transfected and control neurons (Figure 7C, D), PSD-95 

knockdown significantly increased the decay time of NMDAR EPSCs (Figure 7E), 

suggesting that PSD-95 is necessary for the increase in the fraction of synaptic NR2A-

NMDARs.  Consistent with this interpretation, PSD-95 overexpression from E16 to P5-8 

significantly decreased the decay time of NMDAR EPSCs (Figure 7F), suggesting that 

PSD-95 overexpression is sufficient to promote a premature switch in synaptic 

localization of NR2B- to NR2A-NMDARs. Indeed, while PSD-95 overexpression did not 

change the overall peak amplitude of NMDAR responses (see Figure 2G and H), it 

increased the peak amplitude of the NR2A-mediated NMDAR EPSCs recorded in the 

presence of ifenprodil (to block NR2B-NMDAR responses) relative to control neurons 

(Figure 7G, H). As expected the pharmacologically isolated NR2A-NMDAR responses 

had the same decay time in both the PSD-95-EGFP expressing and control neurons, 

suggesting that the decrease in the decay kinetics (Figure 7F) is in fact due to a reduction 

in the proportion of NR2B-NMDARs (Fig 7I).  These findings suggest that, in addition to 
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promoting insertion of NR2A-NMDARs, PSD-95 overexpression reduces the number of 

NR2B-NMDARs, thereby changing the proportion of NR2A- and NR2B-NMDARs 

while keeping the total number of NMDARs at the synapse constant. These data suggest 

that PSD-95 is necessary for the maturation of excitatory synapses by co-regulating the 

synaptic trafficking of AMPARs and the switch from NR2B-NMDARs to NR2A-

NMDARs.  

 

Inhibition of NR2 subunit switch in mice lacking PSD-95 and PSD-93 

 Germline deletion of either PSD-95 or PSD-93 does not affect AMPAR- or 

NMDAR-mediated synaptic transmission between P30 and P40 (Elias et al., 2006). In 

contrast, PSD-95 -/-/PSD-93 -/- mice showed a profound deficit in AMPAR transmission at 

this age. What is the status of NMDAR transmission in the complete absence of PSD-95 

and PSD-93? We used extracellular field potential recordings to compare the strength of 

NMDAR-mediated synaptic transmission between control and PSD-95 -/-/PSD-93 -/- mice. 

The size of the presynaptic fiber volley (input) was compared to the size of the NMDAR-

mediated field excitatory postsynaptic potential (fEPSP) response (output). Over a range 

of stimulus strengths, no differences in the NMDAR-mediated fEPSPs were observed 

between control and PSD-95 -/-/PSD-93 -/- mice (Figure 8A).  

 We next determined the subunit composition of NMDARs in PSD-MAGUK 

knockout mice by examining the decay time of pharmacologically isolated NMDAR 

EPSCs. Analysis of the decay time of the NMDAR EPSC revealed no significant 

difference in PSD-95 -/- or PSD-93 -/- mice relative to control (Figure 8B). In contrast, we 

found a significant increase in the NMDAR EPSC decay time in PSD-95 -/-/PSD-93 -/-
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mice (Figure 8B). Consistent with this, the percent block of NMDAR EPSCs by 

ifenprodil in PSD-95 -/-/PSD-93 -/- mice was significantly greater than in control (Figure 

8C). These data suggest that germ line deletion of PSD-95 and PSD-93 prevents the 

maturational switch from NR2B- to NR2A-NMDARs. 

 

Rescue of synapse maturation in neurons lacking PSD-95 and PSD-93 

 To determine whether PSD-95 expression in PSD-95 -/-/PSD-93 -/- neurons was 

sufficient to rescue synapse maturation we prepared slice cultures from PSD-95 -/-/PSD-

93 -/- mice and expressed EGFP-tagged PSD-95 by Semliki Forest viral infection for 24 

hours, as previously described (Stein et al., 2003). PSD-95 overexpression in wildtype 

(WT) slice cultures increased AMPAR EPSCs 3-fold, consistent with previous findings 

(Figure 8D, E) (Ehrlich and Malinow, 2004; Schnell et al., 2002; Stein et al., 2003). In 

contrast, PSD-95 overexpression in PSD-95 -/-/PSD-93 -/- slice cultures enhanced 

AMPAR EPSC amplitude by 6-fold (Figure 8F, G). PSD-95 overexpression did not affect 

the peak amplitudes of NMDAR EPSCs in either background (Figure 8D, E and F,G). 

The NMDAR EPSC decay times in WT slice cultures were similar to those measured at 

mature synapses in acute slices from adult mice and PSD-95 overexpression did not 

affect the decay times (Figure 8H). In contrast, NMDAR EPSC decay times in PSD-95 -/-

/PSD-93 -/- slice cultures were significantly slower relative to WT, but PSD-95 expression 

in PSD-95 -/-/PSD-93 -/- background was sufficient to restore the decay time to WT levels 

(Figure 8I). This suggests that in the absence of PSD-95 and PSD-93 excitatory synapses 

remain in an immature state that can be rescued by restoring PSD-95 expression. 
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Discussion 

 

 In the present study we identify a central molecular mechanism governing the 

differential changes in glutamate receptor number and subtype underlying synaptogenesis 

and synapse maturation. We have examined the role of PSD-MAGUK in these processes 

by perturbing their levels in utero and measuring the consequences on synaptic 

transmission using electrophysiology. We find that individual PSD-MAGUKs have 

distinct specific roles during synaptogenesis and synapse maturation. This segregation of 

function occurs by two separate mechanisms. First, the PSD-MAGUKs have dramatically 

different developmental expression patterns. This explains why SAP102, which is already 

expressed by P2, but not PSD-95, which is not highly expressed until P35 (Sans et al., 

2000), is primarily responsible for synaptic glutamate receptor trafficking during 

synaptogenesis (Figure 9 A. left panel). Second, we find that different PSD-MAGUKs 

selectively traffic distinct glutamate receptor subtypes. Thus, while SAP102 controls 

synaptic trafficking of NR2B- and NR2A-NMDARs during synaptogenesis (Figure 9 A, 

left panel), the maturational switch of NR2B-NMDARs to NR2A-NMDARs is driven by 

a specific synaptic recruitment of NR2A-NMDARs by PSD-95 (Figure 9 A, right panel). 

SAP102 is devoid of this selectivity. Finally, by combining for the first time in utero 

electroporation with simultaneous dual whole-cell recordings in acute hippocampal slices 

at different developmental stages, this study establishes a novel experimental approach 

for the functional study of the molecular underpinnings of synapse development in vivo. 

 

PSD-95 does not play a necessary role in synaptogenesis  
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 Embryonic shRNA-induced knockdown of PSD-95 does not affect the amplitude 

of either AMPAR or NMDAR synaptic responses, the frequency or amplitude of 

mEPSCs, or the subunit composition of synaptic NMDARs when measured at P5-P8 

(Figure 9 E, left panel). The absence of PSD-95 shRNA-induced changes at P5-8 could 

stem from a synaptic state that is molecularly incompetent to respond to PSD-95, or 

alternatively, a lack of PSD-95 expression at this developmental stage. Since the 

embryonic overexpression of PSD-95 dramatically enhances AMPAR EPSCs (Figure 9 

D, left panel), we surmise that the synapses are competent to respond to PSD-95 and thus 

conclude that PSD-95 is not expressed at sufficient levels to affect synaptic function 

during synaptogenesis. Consistent with this interpretation, glutamatergic synaptic 

transmission in one week-old PSD-95 -/- (Beique et al., 2006) and PSD-95 -/-/PSD-93 -/- 

mice (Elias et al., 2006) appears normal (Figure 9 E, left panel). Moreover, EM 

immunogold labeling studies in vivo have shown that PSD-95 is not present in 

appreciable amounts until the second postnatal week (Sans et al., 2000).  These in vivo 

findings are seemingly at odds with a number of studies, largely from dissociated 

neuronal cultures, that claim that PSD-95 is one of the earliest proteins to appear at 

developing synapses (McAllister, 2007; Waites et al., 2005). Thus the previous 

conclusion that PSD-95 plays a role in synaptogenesis presumably reflects the 

experimental conditions or the possibility that the antibodies used cross-reacted with 

SAP102. 

 

SAP102 controls the synaptic trafficking of AMPA and NMDA receptors during 

synaptogenesis.  
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 Embryonic overexpression of SAP102 causes a large increase in the amplitude of 

both the AMPAR and NMDAR EPSCs indicating that this PSD-MAGUK can traffic both 

types of ionotropic glutamate receptors during synaptogenesis (Figure 9 B, left panel). 

More importantly, shRNA-mediated knockdown of SAP102 substantially reduces the 

amplitudes of AMPAR and NMDAR EPSCs. This reduction occurs in the absence of any 

change in transmitter release probability, the decay kinetics of the NMDAR EPSC, or in 

the number of dendritic spines. Thus SAP102 shRNA reduces the number of both 

synaptic AMPARs and NMDARs (Figure 9 C, left panel). Interestingly, the mechanisms 

of glutamate receptor synaptic trafficking mediated by SAP102 during synaptogenesis 

appear to be fundamentally different from those at play in mature synapses. In contrast to 

the knockdown of PSD-95 in mature synapses, in which AMPA receptors are removed in 

an all-or-none fashion from a subset of synapses (Beique et al., 2006; Elias et al., 2006), 

knock-down of SAP102 during synaptogenesis causes a uniform reduction of AMPARs 

from all synapses as reflected in the reduction in both the frequency and amplitude of 

mEPSCs. In addition, the mechanisms that control the synaptic targeting of these two 

PSD-MAGUKs appear to be fundamentally different since SAP102 does not have N-

terminal palmitoylatable cysteine residues that are necessary for the targeting of PSD-95 

to mature synapses.  

 Immature synapses contain largely NR2B-NMDARs. Does this mean that 

SAP102 selectively traffics NR2B-NMDARs or rather that NR2B-NMDARs are the only 

ones available for trafficking during synaptogenesis? To address this issue we examined 

the decay kinetics of NMDAR EPSCs at P15-17 when the decay is dominated by NR2A-

NMDARs. Although overexpression of SAP102  caused a two-fold enhancement of peak 
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NMDAR EPSC current, the decay kinetics did not change. This indicates that SAP102 is 

equally effective in trafficking NR2B- and NR2A-NMDARs to the synapse. Remarkably, 

although SAP102 is necessary for the trafficking of AMPARs and NMDARs during 

synaptogenesis (Figure 9 C, left panel), synapse maturation is not impaired by the early 

knockdown of SAP102 (Figure 9 C, right panel). This implies that either the programs 

involved in synaptogenesis and maturation are independent or that in the absence of 

SAP102 during synaptogenesis, the increasing levels of other PSD-MAGUKs during 

maturation can compensate for this perturbation. Another curious finding is that, while 

overexpression of SAP102 at mature synapses has no effect on the amplitude of the 

NMDAR EPSC (Schnell et al., 2002), overexpression during synaptogenesis does 

increase the size of the NMDAR EPSC and this increase persists throughout synapse 

maturation (Figure 9B). PSD-95 is devoid of this action (Figure 9D). This suggests that 

during synaptogenesis the number of NMDARs that can be inserted into a synapse 

specifically by SAP102 is not limited, but once the synapse has matured there is a ceiling 

and additional NMDARs cannot be inserted into the synapse.  

 

PSD-95 is critical for synapse maturation 

 Developmental studies using dissociated hippocampal neurons in vitro found that 

PSD-95 is one of the earliest constituents of the PSD (McAllister, 2007; Waites et al., 

2005). Furthermore overexpression of PSD-95 throughout synapse development in vitro 

enhances postsynaptic structure and function resulting in increased AMPAR mediated 

transmission (El-Husseini et al., 2000; Regalado et al., 2006). However, because in vitro 

studies do not focus on different developmental stages of synapses, it is unknown 



 82 

whether PSD-95 (or PSD-MAGUKs in general) has a role in the trafficking of glutamate 

receptors during specific stages of synapse development, including synaptogenesis and 

synapse maturation. We find that embryonic knockdown of PSD-95 has no effect on 

synaptic glutamate receptors at P5-8 (Figure 9 E, left panel). However, when recordings 

were carried out at P15-17, the amplitude of the AMPA EPSC is reduced to half and the 

developmental speeding of the NMDA EPSC decay time fails to occur (Figure 9 E, right 

panel). A similar result occurs in the PSD-95 -/-/PSD-93 -/- double knock out mouse in 

which, in addition to slow NMDAR EPSC decay times, the NMDAR EPSC retains its 

high sensitivity to the NR2B antagonist ifenprodil. These defects in synaptic AMPAR 

number and NMDAR subtype are reversed by the expression of PSD-95 in the PSD-95 -/-

/PSD-93 -/- neurons. Interestingly, the amplitude of the NMDAR EPSC is unaltered by the 

expression of PSD-95, but the kinetics become faster. This suggests that the PSD-95 

dependent insertion of NR2A-NMDARs is accompanied by a removal of NR2B-

NMDARs. Indeed, as measured in the presence of ifenprodil, PSD-95 does increase the 

amplitude of the NR2A-mediated NMDAR EPSC. This is similar to the activity-

dependent switching of NR2B-NMDARs with NR2A-NMDARs (Bellone and Nicoll, 

2007). It will be of interest to determine how activity engages this PSD-95/NR2A 

switching mechanism. 

 

Segregation of function between PSD-MAGUKs 

 Perhaps the most striking finding of the present study is the difference between 

the action of SAP102 and PSD-95 on NMDAR synaptic trafficking. We found that 

SAP102 can traffic NR2A- and NR2B-NMDARs with equal ability (Figure 9 B), 
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whereas PSD-95 is only capable of trafficking NR2A-NMDARs (Figure 9 D). Thus it is 

not surprising that the developmental time course for the synaptic insertion of NR2A-

NMDARs closely mirrors the developmental time course for the expression of PSD-95. 

This is one of the first functional differences found among PSD-MAGUKs. The reason 

why SAP102 can traffic NR2B-NMDARs, but PSD-95 cannot, remains to be explained. 

This functional selectivity is particularly intriguing in light of biochemical evidence that 

suggests that PSD-95 and SAP102 are able to interact equally well with di-heteromeric 

NR1-NR2A and NR1-NR2B NMDARs (Al-Hallaq et al., 2007). This binding 

promiscuity suggests that the segregation of function between SAP102 and PSD-95 may 

be mediated by an intermediary protein. Although the identity of such an intermediary 

protein is unknown, it would appear that its expression is not regulated tightly by 

development since PSD-95 overexpression during synaptogenesis can lead to premature 

swapping of NR2B-NMDARs with NR2A-NMDARs, presumably because the 

hypothesized intermediary protein is present even at this early developmental stage. 

 

Interactions between PSD-MAGUKs and TARPs during development 

 Neither PSD-95 nor SAP102 binds directly to AMPARs again suggesting the 

need for an intermediary protein. Stargazin and other TARPs directly bind to AMPARs 

and PSD-MAGUK  (Chen et al., 2000; Nicoll et al., 2006; Tomita et al., 2003). The 

TARP-AMPAR association is important for delivering AMPARs to the membrane 

surface (Chen et al., 2000), whereas the binding of AMPAR-TARP complexes to PSD-

MAGUKs is crucial for the trafficking of AMPARs to the synapse (Schnell et al., 2002).  

TARPs also modulate the biophysical properties of AMPARs (Cho et al., 2007; Milstein 
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et al., 2007; Tomita et al., 2005a). The fact that PSD-95 overexpression during 

hippocampal synaptogenesis, a developmental period during which stargazin is not 

expressed, can increase synaptic trafficking of AMPARs raises the question of what 

mediates the interaction between PSD-95 and AMPARs. TARP γ-4 has recently been 

identified as an axuliary subunit of AMPARs during synaptogenesis (Milstein et al., 

2007). Thus it is likely that PSD-95 overexpression mediates synaptic trafficking of 

AMPARs via γ-4. Is the SAP102-mediated trafficking of AMPARs similarly mediated by 

γ-4 or may TARP-independent menchanisms be at play during synaptogenesis? In 

contrast to the palmitoylation-dependent (El-Husseini Ael et al., 2002; Schnell et al., 

2002) and synapse-specific trafficking mediated by PSD-95 at mature synapses (Beique 

et al., 2006; Elias et al., 2006), the SAP102-dependent trafficking of AMPARs during 

synaptogenesis does not depend on palmitoylatable cysteines and occurs uniformly at all 

synapses, suggesting that fundamentally different trafficking mechanisms are at play 

during synaptogenesis and  mature synapses.  

 

Do postsynaptic PSD-MAGUKs affect presynaptic function?  

 Overexpression of either PSD-95 (El-Husseini et al., 2000), SAP97 (Regalado et 

al., 2006), or SAP102 (Regalado et al., 2006) in immature dissociated neuronal cultures 

enhances presynaptic recruitment of active zone proteins and presynaptic uptake of 

stryryl dyes, suggesting that postsynaptic overexpression of PSD-95 or SAP102 results in 

a retrograde transynaptic enhancement of presynaptic function. If presynaptic function 

were enhanced by postsynaptic overexpression of PSD-95 or SAP102, one would expect 

to see an enhanced NMDAR EPSC amplitude, yet in most studies in mature slice 
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cultures, this is not the case (Beique and Andrade, 2003; Ehrlich and Malinow, 2004; 

Elias et al., 2006; Schluter et al., 2006; Schnell et al., 2002; Stein et al., 2003). One 

possibility is that the presynaptic effects occur only at immature developing synapses, as 

would be the case in the studies with dissociated neuronal cultures.  We have examined 

this issue using our in vivo system to accurately measure the PPR of synaptically evoked 

EPSCs, which directly measures presynaptic release probability. We find that neither 

PSD-95 (or SAP102) overexpression, nor PSD-95 (or SAP102) knockdown, either during 

synaptogenesis or synapse maturation, has any effect on presynaptic release probability. 

Taken together with the observation that presynatpic release probability is normal in the 

PSD-95/PSD-93 double KO mouse (Elias et al., 2006), we conclude that neither PSD-95 

nor SAP102 regulates, retrogradely, presynaptic release probability in vivo.  
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Figure 1.  System to study the molecular mechanisms of synapse development in 

vivo. A) 3-dimentional drawing of a rodent brain at embryonic day E16 showing the 

orientation of the (+) and (-) electrode paddles relative to the cortical hem of the 

developing rat brain. The electroporated region is shown in green. B) Confocal 

fluorescence image of an E21 hippocampal coronal section from an electroporated brain 

showing EGFP+ neurons (green) populating the dente gyrus (DG) and CA fields (CA3 

and CA1). C) Confocal fluorescence image of an electroporated P7 hippocampus 

showing a mosaic distribution of EGFP+ neurons throughout the CA fields. D) 

Electrophysiology traces of evoked EPSCs recorded simultaneously from an 

untransfected control neuron and an EGFP+ neighbor. Scale bars, 50 pA, 25 ms. E, F) For 

scatter plots, open circles represent amplitudes for individual pairs and filled circles 

represent mean±SEM. Distributions of AMPAR (E) and NMDAR (F) EPSC amplitudes.  
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Figure 2. PSD-95 overexpression during synaptogenesis enhances AMPAR-

mediated transmission. A) Confocal image of a hippocampal coronal slice at P7 after in 

utero electroporation of PSD-95-EGFP (green) at E16. The section was counterstained 

with the nuclear label DAPI (blue). Scale bar = 500 µm. B) Left, high magnification of 

the CA1 region showing a mosaic distribution of PSD-95 overexpressing neurons 

(EGFP+/DAPI+) surrounded by untransfected control neurons (EGFP-/DAPI+). Right, 

confocal image of the same region shown to the left highlighting the apical and basal 

dendritic arborizations of PSD-95-EGFP transfected neurons. Scale bar = 25 µm. C) High 

magnification of boxed area in (B) showing the punctate/spiny distribution of PSD-95-

EGFP clusters (white arrowheads) distributed throughout the apical dendrite. Scale bar = 

10 µm. D) Electrophysiological traces of evoked EPSCs recorded simultaneously from an 

untransfected control neuron and a PSD-95 overexressing (PSD-95 Ovxp) neighbor. 

Scale bars = 50 pA, 25 ms. E, F, H) Scatter plots of EPSCs where open circles represent 

amplitudes for individual pairs and filled circles represent mean±SEM. E, F) 

Distributions showing a significant increase in AMPAR EPSC amplitudes (E) but no 

significant change in the NMDAR EPSC amplitudes (F) measured 150 ms after the 

stimulus onset at holding potential of +40 mV. G) Traces of pharmacologically isolated 

(25 µM NBQX) NMDAR EPSCs recorded simultaneously from unstransfected control 

and PSD-95 overexpressing neurons. Scale bars = 10 pA, 25 ms. H) Distribution of peak 

NMDAR EPSCs showing no significant difference in amplitude between control and 

PSD-95 overxperssing neuron pairs. (I) Paired-pulse sample traces (scale bars = 50 pA, 

25 ms) and paired-pulse ratio summary bar graph showing no significant effect of PSD-
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95 overexpression (control: 1.63±0.14, n = 18; PSD-95 Ovxp: 1.69±0.10, n = 32; p = 

0.72). Error bars = SEM. 
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Figure 3. PSD-95 is not necessary for glutamate receptor synaptic trafficking during 

synaptogenesis. PSD-95 knockdown from E16 does not affect glutamate receptor 

synaptic trafficking by postnatal day 5-8. A) Traces of evoked EPSCs from an 

untransfected neuron and an adjacent neuron expressing PSD-95 shRNA. Scale bar = 10 

pA, 25 ms. B, C) Open and filled circles represent amplitudes for single pairs and 

mean±SEM, respectively. Distributions of EPSC amplitudes show no effect of PSD-95 

shRNA expression on AMPAR (B) or NMDAR (C) EPSC amplitudes. D-F) mEPSC 

sample traces (D, scale bar = 10 pA, 200 ms) and cumulative probability distributions 

showing that shRNA-mediated knockdown of PSD-95 does not affect mEPSC amplitude 

(E, control: n = 15; PSD-95 shRNA: n = 17; p = 0.95) or frequency (F, control n = 15; 

PSD-95 shRNA, n = 17; p = 0.2). G) Top, peak-scaled NMDAR EPSCs recorded from a 

PSD-95 shRNA-expressing neuron and a slice-matched untransfected control. Scale bar = 

200 ms. Bottom, summary bar graph showing no significant difference in NMDAR EPSC 

decay time between conditions (control: 0.38±0.02 s, n = 10; PSD-95 shRNA: 0.41±0.02 

s, n = 10; p = 0.35). H) Top, paired-pulse sample traces (scale bars, 25 pA, 20 ms) and 

paired-pulse ratio summary bar graph (bottom) showing no significant difference 

between untransfected control and PSD-95 shRNA-expressing neurons (control: 

1.4±0.29, n= 7; PSD-95 shRNA: 1.41±0.24, n = 7; p = 0.93). Error bars = SEM. 
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Figure 4. SAP102 mediates glutamate receptor synaptic trafficking during 

synaptogenesis. 

A) Representative traces of EPSCs recorded from an untransfected neuron and an 

adjacent neuron overexpressing SAP102 (SAP102 Ovxp) from E16 to P6-8. Scale bar = 

25 pA, 25 ms. B, C, F, G) For scatter plots open and filled circles represent amplitudes 

for single pairs and mean±SEM, respectively. B, C) SAP102 overexpression in 

transfected neurons significantly increases the amplitude of AMPAR (B) and NMDAR 

(C) EPSCs relative to untransfected control neurons. E) Representative traces of evoked 

EPSCs in control untransfected and a neighbor neuron expressing SAP102 shRNA. Scale 

bar = 20 pA, 25 ms. F, G) shRNA-mediated knockdown of SAP102 in transfected 

neurons significantly reduces the amplitude of AMPAR (F) and NMDAR (G) EPSCs 

relative to untransfected control neurons. D and H) Neither SAP102 overexpression (D, 

top sample traces; bottom, summary bar graph) nor SAP102 knockdown (H, top, sample 

traces; bottom, summary bar graph) significantly affects the paired-pulse ratio in 

transfected neurons [(D, control: 1.5±0.19, n = 7; SAP102 Ovxp: 1.6±0.16, n = 7; p = 

0.82); (H, control: 1.5±0.24, n = 8; SAP102 shRNA: 1.7±0.16, n = 15; p = 0.89)]. Error 

bars = SEM. I-K) mEPSC sample traces (I, scale bar, 10 pA, 200 ms) and cumulative 

probability distributions showing that shRNA-mediated knockdown of SAP102 

significantly reduces mEPSC amplitude (J, control: n = 15; SAP102 shRNA = 11; p < 

0.05) and frequency (K, control: n = 15; SAP102 shRNA: n = 11; p < 0.01). Error bars = 

SEM. L-N) shRNA-mediated knockdown of SAP102 does not affect the density of 

spines. L) Confocal image of transfected (SAP102 shRNA expressing neuron, green) and 

untransfected neighbor (control, red) filled with Alexa Fluor 488 and Alexa Fluor 568 
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dyes, respectively. M) High magnification of boxed area in (L) showing spines in both 

cells (white arrowheads). N) Scatter plot of pair-wise comparison of the number of spines 

per unit length of apical dendrite between SAP102 shRNA expressing and untransfected 

control neurons showing no significant difference in spine density. Open and filled 

circles represent spine densities for single pairs and the mean±SEM, respectively. 
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Figure 5.  SAP102 regulates synaptic targeting of NR2B-NMDARs and NR2A-

NMDARs. 

A-B) Neither shRNA-mediated knockdown (A) nor overexpression (B) of SAP102 from 

E16 to P6-8 affects the subunit composition of synaptic NMDARs. A) Top, peak-scaled 

NMDAR EPSCs recorded from a SAP102 shRNA-expressing neuron  and a slice-

matched untransfected control. Scale bar = 200 ms. Bottom, summary bar graph showing 

no significant difference in NMDAR EPSC decay time between conditions (control: 

0.36±0.02 s, n = 17; SAP102 shRNA: 0.35±0.02 s, n = 19; p = 0.66). A1) SAP102 

knockdown reduces the amplitude of NMDAR EPSCs relative to untransfected control 

(100% black dashed line) neurons (n = 10. ** p < 0.01). B) Top, peak-scaled NMDAR 

EPSCs recorded from a SAP102 overexpressing neuron (SAP102 Ovxp) and a slice-

matched untransfected control. Scale bar = 200 ms. Bottom, summary bar graph showing 

no significant difference in NMDAR EPSC decay time between conditions (control: 

0.33±0.02 s, n = 8; SAP102 Ovxp: 0.35±0.01 s, n = 10; p = 0.74). B1) SAP102 

overexpression increases the amplitude of NMDAR EPSCs relative to untransfected 

control neurons (100% black dashed line) (n = 21; ** p < 0.001) (data replotted from 

Figure 4C).  C-E) SAP102 overexpression increases the number of synaptic NR2B-

NMDARs and NR2A-NMDARs. C) Top, sample traces of NMDAR EPSCs before 

(control: black trace; SAP102 Ovxp: green trace) and 20-25 minutes after ifenprodil (3 

µM) application (arrow). Scale bar = 10 pA, 25 ms. Bottom, summary bar graph 

representing the percent of NMDAR EPSC remaining 20-25 minutes after ifenprodil 

application relative to baseline (control: 42.95±2.9%, n = 6; SAP102 Ovxp: 45.9±4.4, n = 

6; p = 0.38). D) Representative traces of evoked NMDAR EPSCs in a control and a 
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neighbor neuron overexpressing SAP102 from E16 to P15-17. Scale bar = 25 pA, 25 ms. 

E) Scatter plot showing a significant increase in the NMDAR EPSC peak amplitude in 

SAP102 overexpressing neurons relative to control. Open and filled circles represent 

amplitudes for single pairs and mean±SEM, respectively. F) Top, peak-scaled NMDAR 

EPSCs recorded from a SAP102 overexpressing neuron and a slice-matched 

untransfected control. Scale bar = 200 ms. Bottom, summary bar graph showing no 

significant difference in NMDAR EPSC decay time between conditions (control: 

0.24±0.02 s, n = 11; SAP102 Ovxp: 0.23±0.01 s, n = 11; p = 0.41).  
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Figure 6. SAP102 is not necessary for maturation of excitatory synapses.  

A-D) SAP102 knockdown from E16 to P15-17 does not impair AMPAR or NMDAR 

mediated synaptic transmission.  B and D) Open and filled circles represent amplitudes 

for single pairs and mean±SEM, respectively. A) Representative traces of evoked 

AMPAR EPSCs in a control and a neighbor neuron expressing SAP102 shRNA. B) 

Scatter plot showing no significant difference in the amplitude of AMPAR EPSCs 

between conditions. C) Representative traces of evoked NMDAR EPSCs in a control and 

a neighbor neuron expressing SAP102 shRNA. D) Scatter plot showing no significant 

difference in the amplitude of NMDAR EPSCs between conditions. A and C) Scale bar = 

20 pA, 25 ms. E) Top, peak-scaled NMDAR EPSCs recorded from a SAP102 shRNA-

expressing neuron and a slice-matched untransfected control. Scale bar = 200 ms. 

Bottom, summary bar graph showing no significant difference in NMDAR EPSC decay 

time between conditions (control: 0.26±0.02 s, n = 11; SAP102 shRNA: 0.25±0.01 s, n = 

10; p = 0.70). 
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Figure 7. PSD-95 is necessary for maturation of excitatory synapses. 

A, B) shRNA-mediated knockdown of PSD-95 from E16 to P15-17 prevents the 

maturational increase in AMPAR-mediated transmission. A) Representative traces of 

AMPAR EPSCs recorded simultaneously from untransfected control and PSD-95 shRNA 

expressing neurons. B) Scatter plot (open and filled circles represent amplitudes for 

single pairs and mean±SEM, respectively) showing a significant reduction in AMPAR 

EPSC amplitude in PSD-95 shRNA-expressing neurons relative to adjacent control 

neurons. C) Representative traces of NMDAR EPSCs recorded simultaneously from 

untransfected control and neurons expressing PSD-95 shRNA.  D) Scatter plot of 

NMDAR EPSC peak amplitudes for single pairs (open circles) and mean±SEM (filled 

circle) showing no difference between control and PSD-95 shRNA-expressing neurons. 

E) PSD-95 knockdown increases NMDAR EPSC decay time. Top, peak-scaled NMDAR 

EPSCs recorded from a PSD-95 shRNA-expressing neuron and a slice-matched control. 

Bottom, summary bar graph showing a significant increase in NMDAR EPSC decay time 

in PSD-95 shRNA-expressing neurons (control: 0.25±0.01 s, n = 16; PSD-95 shRNA: 

0.34±0.01 s, n = 13; *** p < 0.001). F) PSD-95 overexpression from E16 to P5-8 

decreases NMDAR EPSC decay time. Top, peak-scaled NMDAR EPSCs recorded from 

a PSD-95 overepxressing neuron (PSD-95 Ovxp) and a slice-matched control neuron. 

Bottom, summary bar graph showing a significant decrease in NMDAR EPSC decay 

time in PSD-95 overexpressing neurons (control: 0.45±0.03 s, n = 17; PSD-95 ovxp: 

0.34±0.03 s, n = 19; * p < 0.05). G, H) PSD-95 overexpression from E16 to P5-8 

increases synaptic trafficking of NR2A-NMDARs. Sample traces (G) and scatter plot (H) 

of pharmacologically isolated NMDAR EPSCs recorded simultaneously in the presence 
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of ifenprodil revealed a significant increase in the peak amplitude in PSD-95 

overexpressing neurons relative to control. I) Sample traces (top) and summary bar graph 

(bottom) showing that the decay time of NMDAR EPSCs recorded in the presence of 

ifenprodil did not differ in PSD-95 overexpressing neurons (control: 0.31±0.03 s, n = 8; 

PSD-95 ovxp: 0.29±0.02 s, n = 12; p = 0.69). Scale bars: A, C, and G =10 pA, 25 ms; E, 

F, I = 200 ms. 
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Figure 8. PSD-95 expression rescues deficit in synapse maturation in mice lacking 

PSD-95 and PSD-93. 

A) Top, sample traces of NMDAR-mediated field EPSPs recorded from acute 

hippocampal slices from PSD-95 -/-/PSD-93 -/- mice and littermate controls between 

postnatal days 30 and 40. Scale bar = 0.1 mV, 5 ms. Bottom, input-out curve showing 

that for each input (FV, fiber volley), the output (fEPSP slope) is unchanged in PSD-95 -/-

/PSD-93 -/- mice relative to control. Each point represents the mean±SEM for each fiber 

volley (control: n = 22, 24, 20, 19, and 17 slices for fiber volleys of 0.1, 0.2, 03, 0.4, and 

0.5 mV, respectively; PSD-95 -/-/PSD-93 -/-: n = 24, 23, 19, 19, and 10 slices for fiber 

volleys of 0.1, 0.2, 03, 0.4, and 0.5 mV, respectively; p > 0.05 for all fiber volleys). B) 

PSD-95 -/-/PSD-93 -/- mice show increased NMDAR EPSC decay time. Top, sample 

traces of pharmacologically isolated NMDAR EPSCs recorded from P30-40 control, 

PSD-93 -/-, PSD-95 -/-, and PSD-95 -/-/PSD-93 -/- mice. Scale bar = 20 pA, 200 ms. 

Bottom, summary bar graph showing a significant increase in the NMDAR EPSC decay 

time in PSD-95 -/-/PSD-93 -/- relative to mice from the other three genotypes (control: 

0.24±0.01 s, n = 10; PSD-93 -/-: 0.25±0.01 s, n = 10; PSD-95 -/-: 0.24±0.74 s, n = 13; 

PSD-95 -/-/PSD-93 -/-: 0.34±0.01 s, n = 10; ns p > 0.05; *** p < 0.001). C) Top, 

representative traces of NMDAR EPSCs recorded from PSD-95 -/-/PSD-93 -/- and 

littermate controls before (black traces) and 20-25 min after (arrow, gray traces) 

ifenprodil application. Scale bar = 10 pA, 25 ms. Bottom, bar graph of the percent of 

NMDAR EPSC remaining after ifendprodil application relative to baseline (control: 80%; 

PSD-95 -/-/PSD-93 -/-: 38.5±2.1%, n = 10). D-G) PSD-95 overexpression rescues AMPAR 

EPSC deficit in PSD-95 -/-/PSD-93 -/- mice. D) Sample traces of AMPAR EPSCs (left) 
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and NMDAR EPSCs (right) recorded simultaneously from PSD-95 overexpressing (PSD-

95 Ovxp) and uninfected control neurons in WT slice cultures. Scale bars, 50 pA, 25 ms. 

E, scatter plot (open and filled circles represent amplitudes for single pairs and 

mean±SEM, respectively) showing that PSD-95 overexpression in WT slice cultures 

significantly increases AMPAR EPSC (red circles) amplitudes (conrol: -75.25±19.82 pA; 

PSD-95 ovxp: -243.21±37.12 pA. n = 11 pairs; p < 0.001), without affecting NMDAR 

EPSC (blue circles) peak amplitudes (control: 50.75±6.95 pA; PSD-95 ovxp: 44.39±5.13 

pA; n = 11 pairs; p = 0.52). F) Sample traces of AMPAR EPSCs (left) and NMDAR 

EPSCs (right) recorded simultaneously from PSD-95 overexpressing (PSD-95 Ovxp) and 

uninfected control neurons in PSD-95 -/-/PSD-93 -/- slice cultures. Scale bars = 25pA, 25 

ms. G) Scatter plot (open and filled circles represent amplitudes for single pairs and 

mean±SEM, respectively) showing that PSD-95 overexpression in PSD-95 -/-/PSD-93 -/- 

slice cultures significantly increases AMPAR EPSC (red circles) amplitudes (control: -

45.85±12.39 pA; PSD-95 ovxp: -301.15±40.44 pA; n = 13 pairs; *** p < 0.001), without 

affecting NMDAR EPSC (blue circles) peak amplitudes (control: 45.92±8.47 pA; PSD-

95 ovxp: 52.21±8.46 pA; n = 8 pairs; p = 0.46). H) PSD-95 overexpression in WT 

neurons does not affect NMDAR EPSC decay times. Top, sample traces of peak-scaled 

NMDAR EPSCs recorded from a PSD-95-overexpressing neuron and a slice-matched 

untransfected control neuron. Bottom, summary bar graph showing no significant 

difference in NMDAR EPSC decay times (control: 0.23±0.01 s, n = 15; PSD-95 ovxp: 

0.23±0.01 s; n = 12; p = 0.96). I) PSD-95 overexpression in PSD-95 -/-/PSD-93 -/- neurons 

decreases the NMDAR EPSC decay time. Top, sample traces of peak-scaled NMDAR 

EPSCs recorded from PSD-95 -/-/PSD-93 -/- neurons overexpressing PSD-95 and a slice-
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matched untransfected control. Bottom, summary bar graph showing a significant 

decrease in NMDAR EPSC decay time in PSD-95 -/-/PSD-93 -/- neurons expressing PSD-

95 (control: 0.31±0.02 s, n = 20; PSD-95 ovxp: 0.20±0.01 s; n = 10; *** p < 0.001). H 

and I, scale bar = 200 ms. 
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Figure 9. Differential co-regulation of AMPA and NMDA glutamate receptors by 

SAP102 and PSD-95 underlies synapse development. 

Synapse development is functionally divided into two distinct stages: synaptogenesis and 

synapse maturation. Different molecular mechanisms govern the synaptic trafficking of 

glutamate receptor during these two distinct stages. During synaptogenesis, SAP102 

mediates the synaptic insertion of AMPARs and NR2B-NMDARs (A, left). SAP102 

overexpression (B, left) or knockdown (C, left) leads to insertion or removal of AMPARs 

and NR2B-NMDARs, respectively. During synapse maturation, PSD-95 mediates the 

synaptic insertion of AMPARs and NR2A-NMDARs, as well as the removal of NR2B-

NMDARs (A, right). Even though PSD-95 overexpression during synaptogenesis 

promotes the premature insertion of AMPARs and switching of NR2B-NMDARs with 

NR2A-NMDARs (D, left), PSD-95 knockdown during this stage does not affect 

glutamate receptor synaptic trafficking (E, left). In contrast, PSD-95 knockdown impairs 

the maturational increase in AMPAR transmission and the subunit switch of NR2B-

NMDARs with NR2A-NMDARs (E, right). Synaptogenesis in PSD-95/PSD-93 double 

KO mice is normal (E, left) but synapse maturation fails to occur (E, right). 
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Chapter 5: 

 

General Conclusions and Future Directions 
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What determines the number of glutamate receptors at the synapse?  

 The findings presented here suggest that PSD-MAGUKs are necessary and 

limiting components of the regulatory process that determines the number of glutamate 

receptors at the synapse. These studies highlight the remarkable orchestration of AMPA 

and NMDA receptor synaptic trafficking by PSD-MAGUKs in individual neurons and at 

different developmental stages.  However several important issues remain unresolved. 

 The surprising finding that PSD-95 and PSD-93 are necessary for AMPAR 

synaptic expression in a synapse-specific manner raises fundamental questions about 

synapse biology: what is the functional relevance of this heterogeneity? How is such 

heterogeneity established during synapse development? What are the molecular 

mechanisms that determine the number of AMPARs at different subsets of synapses? In 

this regard it would be of interest to determine if there are TARP-PSD-MAGUK 

interaction rules that determine the number of AMPARs of different subunit 

compositions at different developmental stages. The studies discussed here provide the 

foundation for understanding the molecular mechanisms involved in the developmental 

stages of assembling excitatory synapses. 

 The effect of PSD-95/PSD-93 double shRNA (or SAP102 shRNA in PSD-

95/PSD-93 double KO mice) on NMDAR-mediated synaptic transmission is the first 

physiological indication that PSD-MAGUKs are necessary for proper synaptic expression 

of NMDARs. Whether this reflects removal of NMDARs from an otherwise intact PSD, 

loss of dendritic spines, or both remains to be determined.  

 Another surprising finding is the remarkable ability of PSD-MAGUKs to 

functionally compensate for changes in expression levels of other family members. 
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Presumably this close knit system of redundant interactions has evolved to ensure a 

minimal level of synaptic expression of glutamate receptors necessary for brain function. 

How does the cell “detect” the number of synaptic glutamate receptors (or PSD-

MAGUKs) at a given synapse in order to “decide” whether to turn on a program to 

compensate for this loss (e.g. up-regulation of SAP102 in PSD-95/PSD-93 KO mice)? In 

this regard, are there constraints that may limit the expression of compensatory programs 

to certain developmental windows? Does compensation involve changes at the level of 

gene expression, mRNA translation or protein degradation? Are homeostatic mechanisms 

at play in this process? 

 What targets PSD-MAGUKs to the synapse? Not all PSD-MAGUKs are 

palmitoylated (e.g., SAP102, SAP97β), but under certain conditions (e.g., in the absence 

of PSD-95), SAP97β is able to traffic AMPARs to the synapse. What are the molecular 

mechanisms underlying the trafficking of non-palmitoylated PSD-MAGUKs? In 

addition, the mechanisms that hold PSD-MAGUKs at the synapse are unclear. One 

prominent candidate is the family of neuroligins, which are transmembrane cell adhesion 

proteins that bind PSD-MAGUKs and have been shown to be involved in the early steps 

of synapse formation (Chih et al., 2005; Graf et al., 2004; Irie et al., 1997; Nam and 

Chen, 2005). One problem with this scenario is that neuroligins selectively bind to the 

third PDZ domain, which is not essential for PSD-95 synaptic targeting (Schnell et al., 

2002). Another argument on why neuroligins are not the perfect candidates for synaptic 

targeting of PSD-95 is that synaptic localization of PSD-95 is unimpaired in triple 

neuroligin KO mice (Varoqueaux et al., 2006).   

 



 113 

The role of PSD-MAGUKs in synaptic plasticity 

 An activity-dependent change in the strength of synaptic transmission is referred 

to as "synaptic plasticity," two examples of which are the phenomena known as long-

term potentiation (LTP) and long-term depression (LTD). Increasing evidence suggests 

that at many excitatory synapses addition or removal of AMPARs from the PSD underlie 

the changes in synaptic strength associated with LTP or LTD, respectively.   

 What are the molecular and cellular mechanisms responsible for this activity-

dependent regulation of AMPAR number at the synapse? The studies discussed in this 

review emphasize the necessary role of PSD-MAGUKs in determining the number of 

AMPARs at synapses during on-going “basal” synaptic transmission. Do PSD-MAGUKs 

have a role in activity-dependent delivery of AMPARs during synaptic plasticity? A 

number of studies have suggested a role of PSD-MAGUKs in synaptic plasticity. In the 

original PSD-95 KO study a dramatic enhancement in LTP and an absence of LTD was 

reported (Migaud et al., 1998), and a similar enhancement of LTP in another deletion 

mutant of PSD-95 has been reported (Beique et al., 2006). In contrast, overexpression of 

PSD-95 occludes LTP (Ehrlich and Malinow, 2004; Stein et al., 2003) and enhances LTD 

(Beique and Andrade, 2003; Stein et al., 2003). In addition, PSD-95 was found to control 

experience-driven synaptic strengthening by natural stimuli in vivo (Ehrlich and 

Malinow, 2004). As reviewed above, changing the level of synaptic PSD-MAGUKs 

changes the number of silent synapses.  Since synaptic plasticity also involves, at least in 

part, changes in the number of silent synapses (Bredt and Nicoll, 2003; Malinow and 

Malenka, 2002) it appears that these two processes share similar mechanisms. However, 

it is possible that they act independently and that once the synapse is saturated with 
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AMPARs by overexpressing PSD-95, LTP can no longer deliver any more receptors. 

Despite this similarity and the occlusion experiments, it is premature to conclude that 

PSD-95 mediates LTP. Indeed the observation that LTP is enhanced in the PSD-95 KO  

mice suggests that activity-dependent delivery of AMPARs during LTP can occur in the 

absence of PSD-95. However, given their overlapping functions, it is possible that other 

PSD-MAGUKs could compensate for the loss of PSD-95 to deliver AMPARs to the 

synapse in an activity-dependent manner. Thus whether PSD-MAGUKs, play a role in 

bidirectional changes in synaptic transmission strength during synaptic plasticity remains 

to be determined. If so, it will be of interest to determine how CaMKII, the essential 

kinase involved in LTP, regulates PSD-MAGUK-dependent AMPA receptor trafficking. 

 

 How do PSD-MAGUKs traffic AMPARs? 

Although PSD-MAGUKs bind numerous proteins in the PSD, including 

NMDARs, only SAP97 binds directly to AMPAR subunits. Thus an intermediary protein 

must be involved. We have previously shown that stargazin and other members of the 

family of transmembrane AMPAR regulatory proteins (TARPs) bind directly to both 

AMPARs and PSD-MAGUKs (Chen et al., 2000; Schnell et al., 2002; Tomita et al., 

2003). The TARP-AMPAR association is important for delivering AMPARs to the 

membrane surface, whereas the binding of TARPs to PSD-MAGUKs is critical for the 

trafficking of AMPARs at the synapse (Nicoll et al., 2006; Osten and Stern-Bach, 2006; 

Ziff, 2007). TARPs also regulate the biophysical properties and extrasynaptic membrane 

surface expression of AMPARs (Priel et al., 2005; Tomita et al., 2005a; Turetsky et al., 

2005). However, the limiting factor for synaptic expression of the AMPAR-TARP 
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complex is a PSD-MAGUK. Can AMPARs be targeted to the synapse independent of 

TARPs? SAP97 binds to the C-terminus of GluR1 (Leonard et al., 1998) and it has been 

reported that co-expression of SAP97 with GluR1 drives homomeric GluR1 receptors to 

synapses (Nakagawa et al., 2004).  However if the PDZ binding motif on GluR1 is 

mutated so that it does not bind SAP97, SAP97 fails to drive the mutated GluR1 to the 

synapse.  The results presented in this review suggest that virtually all synaptic AMPARs 

are coupled to PSD-MAGUKs. However, the relative importance of TARP-dependent 

versus TARP-independent synaptic targeting of AMPARs remains to be determined.  
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