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Critical Postsynaptic Density 95/Disc Large/Zonula Occludens-1
Interactions by Glutamate Receptor 1 (GluR1) and GluR2 Required

at Different Subcellular Sites

Antonella Piccini and Roberto Malinow

Cold Spring Harbor Laboratory, Cold Spring Harbor, New York 11724

Interactions between AMPA receptor subunits and proteins
containing postsynaptic density 95/disc  large/zonula
occludens-1 (PDZ) domains have been shown to play critical
roles in the proper trafficking of receptors to excitatory syn-
apses. Synaptic accumulation of AMPA receptors containing
the glutamate receptor 1 (GluR1) subunit can be driven by
calcium/calmodulin-dependent protein kinase |l activity or
long-term potentiation and requires an interaction between
GluR1 and a type | PDZ domain-containing protein. Synaptic
incorporation of AMPA receptors with only GIuR2 occurs con-
tinuously, and this requires an interaction between GIuR2 and a
type Il PDZ domain-containing protein. We used dual-channel,
two-photon laser scanning microscopy to provide high-

resolution visualization and quantification of green fluorescent
protein-tagged AMPA receptors in different subcellular com-
partments. We showed that mutations on GluR1 or GIuR2
AMPA subunit that perturb interactions with PDZ domain pro-
teins lead to the accumulation of these receptors at different
subcellular sites. GIuR1 mutants accumulate in the dendrite,
whereas GluR2 mutants accumulate in dendritic spines. This
suggests that the critical PDZ domain interactions are required
for entry into spines for GluR1 and for entry into synapses for
GluR2.

Key words: GIuR1; GluR2; PDZ domain protein; two-photon
laser scanning imaging; dendrite; dendritic spine; organotypic
slice culture

Excitatory synapses in the CNS are found predominantly on
dendritic spines, specialized postsynaptic structures that protrude
from dendritic shafts (Harris and Kater, 1994). AMPA-type
receptors (AMPA-Rs) mediate most of the fast excitatory synap-
tic transmission in the CNS, and a change in AM PA-R-mediated
transmission underlies several developmental and adult forms of
synaptic plasticity (Bliss and Collingridge, 1993; Linden and
Connor, 1995; Nicoll and Malenka, 1995; Wu et al., 1996; Bear
and Rittenhouse, 1999). Recent studies on the mechanisms con-
trolling synaptic plasticity have led to models that include rapid
redistribution of AMPA-Rs to or from synaptic sites (Carroll et
al., 1999; Luscher et al., 1999; Shi et al., 1999; Passafaro et al.,
2001; Malinow and Malenka, 2002). In these models, regulated
insertion of AMPA-Rs into synapses accounts for increased syn-
aptic efficacy, whereas regulated removal of synaptic AMPA-Rs
accounts for decreased synaptic efficacy.

AMPA-Rs are hetero-oligomers composed of variable combi-
nations of four subunits, glutamate receptor 1 (GluR1)-GluR4
(also referred to as GluR A-GluRD) (Seeburg, 1993; Hollmann
and Heinemann, 1994; Dingledine et al., 1999). In the hippocam-
pus, GluR1, GluR2, and GluR3 predominate in adults, whereas
GluR4 is primarily expressed early in development (Zhu et al,,
2000). In the adult hippocampus, the majority of AMPA-Rs
contain either GIluR2 and GIuR1 or GIuR2 and GluR3
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(Wenthold et al., 1996) and the mature receptors are likely to
contain four AMPA subunits (Rosenmund et al, 1998).
AMPA-R subunits have four transmembrane domains, with a
large extracellular N-terminal domain and an intracellular C
terminus. The extracellular domain and the four membrane-
associated domains show considerable homology among different
subunits. In contrast, the cytoplasmic C termini of these subunits
are either long (e.g., GluR1 and GluR4) or short (e.g., GluR2 and
GluR3) (Fig. 1). Receptors with long cytoplasmic C termini are
driven to synapses in a manner that requires synaptic NMDA
receptor activity (Shi et al., 1999; Hayashi et al., 2000; Zhu et al.,
2000; Passafaro et al., 2001). Significantly, the synaptic delivery of
GluR1 and GluR4 is governed by different processes, because
synaptic delivery of GluR1 is driven by CaMKII activity (Ha-
yashi et al., 2000), whereas synaptic delivery of GluR4 is driven by
PKA activity (Esteban and Malinow, 2001). In contrast to GluR1
and GluR4, receptors with only short cytoplasmic tails incorpo-
rate into synapses in a manner independent of synaptic activity
(Shi et al., 2001). A number of protein—protein interactions
between cytosolic proteins and the C termini of specific glutamate
receptor subunits have been identified. Among these, interactions
with proteins containing postsynaptic density 95/disc large/zonula
occludens-1 (PDZ) motifs appear to play a central role in scaf-
folding receptors and signaling elements and have been shown to
be important in the anchoring and delivery of the receptors to
synapses (Ziff, 1997; Garner et al., 2000; Sheng and Sala, 2001;
Malinow and Malenka, 2002). Previous electrophysiological stud-
ies with recombinant receptors composed of GluR1 or GluR2
have shown that PDZ domain interactions are critical for their
incorporation into synapses. However, it is not known at what
subcellular sites these PDZ domain interactions are required.
We used dual-channel, two-photon laser scanning microscopy
(TPLSM) to provide high-resolution visualization and quantifi-
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Figure 1. Dual-channel TPLSM imag- Homology

ing of CA1l pyramidal neurons reveals

both channel distribution and cell mor-
phology. A, Alignment of the cytoplas- B
mic C termini of AMPA-R subunits.
Asterisks indicate identical residues;
dots indicate homologous residues.
Numbers indicate the amino acid num-
ber in GluR1 and GluR2 without signal
peptides. Some known sites for protein
interactions or phosphorylation are
shown. B, TPLSM of hippocampal CA1
pyramidal neurons expressing GluR1-
GFP (left): one infected cell was in-
jected with Texas Red dye (center), and
images are merged (right). Images
shown are projections of several sec-
tions acquired 1.5 wm apart. Scale bar,
50 wm. C, High-magnification image of
an apical dendrite from a neuron in-
fected with GluR1-GFP. The amount C
of receptor in a dendrite is compared

with the amount in an adjacent spine.

The regions indicated on spine and pa-

rental dendrite are typical examples of

the ones selected for the analysis. The
image shown is a projection of several
sections acquired 0.5 wm apart. Scale

bar, 5 wm. D, Graph of mean fluores-

cence of a typical small region (from a
dendrite, in this case) for the GFP
(green) channel and the Texas Red

(red) channel plotted as a function of
depth. The peak of mean fluorescence

and the correspondent background for

each channel used for image analysis

are indicated.

GFP-tagged

cation of AMPA-Rs in different subcellular compartments. This
method allowed us to determine the relative amounts of
AMPA-R located in the dendritic shaft or in an adjacent den-
dritic spine. By monitoring the localization of various mutant
receptors, we showed that GluR1 mutant receptors lacking
PDZ(I) domain interactions displayed reduced accumulation in
spines and remained in dendritic shafts. In contrast, GluR2 mu-
tant receptors lacking PDZ(II) domain interactions show en-
hanced accumulation in spines, despite their inability to incorpo-
rate stably into synapses (Osten et al., 2000; Shi et al., 2001).
Thus, these results suggest that GluR1-PDZ interactions occur at
the dendrite—spine border and that GluR2-PDZ interactions
occur at the spine—synapse interface.

MATERIALS AND METHODS

Recombinant receptors and expression. Constructs of AMPA receptor
subunits tagged with green fluorescent protein (GFP) were made as
described previously (Hayashi et al., 2000; Shi et al., 2001). Briefly, the
GFP coding sequence (enhanced GFP; Clontech, Palo Alto, CA) was
inserted after the predicted signal peptide cleavage site of the corre-
sponding AMPA receptor subunit cDNA.
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These constructs were expressed in CAl neurons in rat organotypic
hippocampal slices using the Sindbis virus expression system. Slices were
prepared from postnatal 6- to 7-d-old animals, infected after 5-8 d in
culture and imaged 2 d after the infection. Experiments were performed
at room temperature (22-25°C) in physiological ACSF (in mM: 119 NaCl,
26 NaHCOs, 1 NaH,PO,, 11 D-glucose, 2.5 KCI, 2 CaCl,, 1.3 MgCl,, and
1.25 NaHPO,) gassed with 5% CO, and 95% O,.

Two-photon microscopy. Before (20 min) imaging, infected neurons were
identified by fluorescence illumination and were fully loaded (10-15 min
after break-in) with a patch recording pipette (3—6 M()) containing 10 um
Texas Red (sulforhodamine 101; Sigma, St. Louis, MO) in the internal
solution. The internal solution consisted of (in mm): 115 K-gluconate, 10
HEPES, 2 MgCl,, 2 MgATP, 2 Na,ATP, 0.3 Na;GTP, and 20 KCL
Two-photon images were collected on a custom-built instrument based
on a Fluoview laser scanning microscope (Olympus America, Melville,
NY). The light source was a mode-locked Ti:sapphire laser (Mira 900F,
Santa Clara, CA) running at 910 nm. We used a LUMPlanF1/IR 40X
numerical aperture 0.75 dipping lens. Each optical section was resampled
three times and typically was captured every 0.5 um.

Image analysis. The borders of the locations defined as spine and
dendrite were selected using only the Texas Red channel image. No
tagged GFP information was used at this stage to prevent any uncon-
scious bias. We then measured the GFP fluorescence in these predefined
dendritic and spinal compartments. The diffusional equilibration of a dye
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Figure 2. GluR1 and GluR2 show different expression levels in spines.
Dual-channel images of apical dendrites show that GluR1-GFP ap-
pears restricted from dendritic spines (A4), whereas GluR2-GFP is
detectable in dendritic spines (B). Scale bar, 5 um. C, Dual-channel
images of apical dendrites show that the distribution of GFP and Texas
Red are virtually identical. Scale bar, 5 um. D, Cumulative distribution
of the [G/R]pine /[ G/R]gena fluorescence values GluR1-GFP are almost
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between the spinal compartment and the parental dendritic shaft occurs
in milliseconds (Svoboda et al., 1996). Therefore, the Texas Red filling of
the two structures was equilibrated in the time scale of the experiment.
We measured the mean intensity fluorescence, as a function of
z-dimension, in two small areas (=2 um?) over the dendrite and nearby
spine. Areas were drawn manually on each spine so as to enclose their
fluorescent signal. In the dendritic region at the base of the spine, a
region of similar size to the spine was chosen. The mean fluorescence
within each region was obtained using Fluoview 3.2 software (Olympus).

The subsequent analysis was performed with a custom-written soft-
ware program using the following approach: the peak of mean fluores-
cence per area in the GFP channel and in the Texas Red channel for a
particular spine—dendrite pair was background subtracted, yielding the
values G and R, respectively. The background value is the mean of the
four values about the lowest fluorescence value obtained for a chosen
region in each stack. The spine/dendrite ratio (s/d) is then calculated as
follows: s/d = [G/R]spine/[G/R]gena. For assessment of the statistically
significant difference between two sets of cumulative distributions, we
used the Kolmogorov—Smirnov test. For clarity, in the cumulative dis-
tribution plots, only the x-axis (s/d) values <3 are shown (except see Fig.
4B). Because there were some s/d values >3, the cumulative distributions
shown do not always reach 100%. To examine the exit of receptor from
the cell body, the GFP fluorescence of expressed GFP-tagged receptors
was measured as a function of distance from the cell body. Small areas
(=2 pm?) were drawn on the cell body and along the primary dendrite
every 10 um. Values were background subtracted and normalized by the
intensity at the cell body and averaged across cells. The background value
was obtained for each cell by choosing an area (=2 wm?) on the
uninfected tissue nearby.

RESULTS

The subcellular distribution of AMPA-Rs plays a role in deter-
mining synaptic strength and synaptic plasticity. To examine
quantitatively the subcellular distribution of recombinant AMPA
receptors, we injected pyramidal neurons expressing different
GFP-tagged subunits with the freely diffusible marker, Texas Red
(Fig. 1B). Our intent was to focus on the relative distribution of
AMPA-Rs at two sites: dendritic spines and dendritic shafts just
below spines (Fig. 1C). The distribution of Texas Red reliably
revealed neuronal morphology, as indicated by the nearly identi-
cal distribution of Texas Red and plain GFP (Fig. 2C). As shown
in Figure 2D, the ratios of signals in the GFP channel and Texas
Red channel (G/R) were nearly identical for spines and dendritic
regions. We have reported previously that AMPA-Rs composed
of GluR1-GFP appear to be restricted from dendritic spines (Shi
et al., 2001). This was concluded from the fact that neurons
expressing GluR1-GFP do not display a GFP signal that appears
like spines. We demonstrated this directly by showing that spines,
as revealed by filling with Texas Red, contain very little GluR1-
GFP. To quantify the relative distribution of GIluR1, the ratios
between the green channel (GluR1-GFP) and the red channel
(Texas Red) were determined in both the spine and the underly-
ing dendrite. Significantly, the values for [G/R],pine/[G/R]geng are
almost all <1 (Fig. 2D), arguing for a restriction of GluR1-GFP
from entering dendritic spines. In contrast to GluR1-GFP, the
signal for GluR2-GFP was clearly detectable in dendritic spines,
as reported previously (Shi et al., 2001) (Fig. 2B). The G/R values
in spines were not significantly different from those in dendrites
(Fig. 2D). Importantly, the values [G/R],ine/[G/R]gena Tor
GluR2-GFP were variable, much more than such values for plain

«

all <1. The GluR2-GFP [G/R],ine /[G/R]gena values are not significantly
different from those in the dendrites (spine—dendrite pairs: n = 41 for
GluR1-GFP, n = 36 for GluR2-GFP, and p = Kolmogorov—Smirnov test
between GluR1-GFP and GluR2-GFP). Cumulative distribution of the
GFP [G/R]spine/[G/R]gena fluorescence values shows no difference be-
tween the two channels (s/d ~1; n = 24).
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Figure 3. Coexpression of GluR1-GFP and active «CaMKII results in
translocation of GluR1 into dendritic spines. However, expression of
GluR1(T887A)-GFP-IRES-tCaMKII does not result in translocation of
GluR1 into dendritic spines. 4, In the presence of active CaMKII, a
significant amount of GluR1-GFP can be visualized in spines. B, Little or
no GIluR1(T887A)-GFP appears in dendritic spines in the presence of
active CaMKII. Scale bars: 4, B, 5 um. C, Cumulative distributions
of indicated constructs. Spine—dendrite pairs: n = 88 for GluRI1-
GFP-IRES—tCaMKII, n = 41 for GluR1-GFP, and n = 71 for
GluR1(T887A)-GFP-IRES—tCaMKII; p values provided for Kolmog-
orov—Smirnov test between indicated constructs. GluR2-GFP from Fig-
ure 2, shown for comparison.

GFP. This indicates that GluR2-GFP was restricted from some
spines and was accumulated in others.

We have shown previously, using electrophysiological methods,
that GluR1-GFP is driven into synapses by coexpression of a
constitutively active form of calcium/calmodulin-dependent pro-
tein kinase II (tCaMKII) (Hayashi et al., 2000). We examined
this phenomenon with imaging methods to determine the extent
of GluR1 redistribution in response to increased CaMKII activ-
ity. The resulting images showed that a significant amount of
GIluR1-GFP can be detected in spines. Thus, although [G/R],pine
is less than [G/R]4eng in neurons expressing GluR1-GFP, the
[G/R]spine 1s not different from [G/R]genq for neurons expressing
both GluR1-GFP and tCaMKII. The cumulative distribution of
values for [G/R],ine/[G/R]gena from cells expressing GluR1-GFP
was significantly different from the distribution of such values
from cells expressing both GluR1-GFP and tCaMKII. Indeed,
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Figure 4. The PDZ(II) domain mutant GluR2(+863Y) is concentrated
in spines. A, GluR2-GFP receptor is clearly detected in spines. B, The
amount of fluorescence detected in the spines compared with the parent
shaft is significantly larger for the mutant than for the wild-type GluR2—
GFP. The cumulative distribution of [G/R]ine/[G/R]gena values from
cells expressing GluR2(+863Y)-GFP is greater than the values obtained
from cells expressing GluR2-GFP (spine—dendrite pairs: n = 20 for
GluR2(+863Y), n = 36 for GluR2-GFP; p = Kolmogorov—-Smirnov test
between GluR2(+863Y) and GluR2-GFP).

the distribution of GluR1-GFP in cells coexpressing tCaMKII
became indistinguishable from the distribution of GluR2-GFP
(Fig. 3C).

Previous electrophysiological studies have indicated that
GluR1 requires a group I PDZ domain interaction for tCaMKII
to drive GluR1 into synapses (Hayashi et al., 2000). We tested
whether this interaction is required to move GluR1 from den-
drites into spines or from spines into synapses. We expressed
GluR1-GFP(T887A), a mutant subunit that forms a functional
receptor and can prevent the association with group I PDZ
domain proteins, together with CaMKII (Hayashi et al., 2000).
As shown in Figure 3B, this mutation appears to prevent the
receptor from entering dendritic spines. The cumulative distri-
bution of [G/R],ine/[G/R]gena values from cells expressing
GluR1(T887A)-GFP and tCaMKII was not significantly differ-
ent from the distribution of the values from cells expressing
GluR1-GFP (p = 0.39) (Fig. 3C). In addition, the cumulative
distribution of [G/R]pine/[G/R]gena values from cells expressing
GluR1(T887A)-GFP and tCaMKII was significantly different
from the distribution of the values from cells expressing GluR1-
GFP-internal ribosome entry site (IRES)-tCaMKII (p = 0.015)
(Fig. 3C). We conclude that GluR1-PDZ(I) interaction is re-
quired for tCaMKII to drive GluR1 from dendrite to spine.

We also investigated the trafficking of homomeric GluR2 re-
ceptors. We have found previously that a group II PDZ domain
interaction is necessary for the continuous delivery of GluR2 to
synapses. To localize the subcellular compartment where the
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interaction between GIluR2 and PDZ domain II occurs, we fo-
cused on a mutant GluR2 with a tyrosine added at the end of the
C terminus (+863Y). This mutation prevents the interaction
between GluR2 and PDZ II domain-containing proteins (Xia et
al., 1999) and prevents incorporation of the receptor into syn-
apses (Shi et al., 2001). Surprisingly, although GluR2(+863Y)-
GFP does not incorporate into synapses, this receptor was clearly
detected in spines (Fig. 44). Indeed, this receptor shows in-
creased accumulation in spines. The cumulative distribution of
[G/R]pine/[ G/R] gena values from cells expressing GluR2(+863Y)-
GFP was greater than the values obtained from cells expressing
GluR2-GFP (Fig. 4B). This indicates that the amount of fluo-
rescence detected in the spines compared with the parent shaft
was significantly larger for the mutant than for the wild-type
GluR2-GFP (Fig. 4B). This last finding suggests that
GluR2(+863Y)-GFP is able to enter the spine compartment and
that the interaction with the PDZ II domain required for delivery
to the synapse occurs in the spine.

In addition to the control of receptor distribution between
dendrite and spine, we also examined the general distribution of
receptors within a neuron. To examine this, we measured the
intensity of the GFP signal in the cell body and along the primary
dendrite for each receptor examined. As shown in Figure 5, there
was no detectable difference in the distribution of receptors from
cell body to dendrite for any receptor examined in this study.
Therefore, the exit of AMPA receptor from cell body to dendrite
or the retention within the dendrite does not appear to depend on
the factors considered in this study: GluR1, GluR2, CaMKII, or
PDZ domain interactions.

DISCUSSION

The molecular mechanisms controlling the abundance of synaptic
ionotropic glutamate receptors seem to be a major site of regu-
lation during plasticity (Malenka and Nicoll, 1997; Malinow,
1998; Luthi et al., 1999; Garner et al., 2000; Sheng and Lee, 2001;
Malinow and Malenka, 2002). In particular, AMPA-Rs can be
transported to and from synapses, suggesting that receptor traf-
ficking is a key factor in regulating synaptic strength. Two types
of AMPA-R trafficking processes have been described: one is
activity dependent, whereas the other is continuous (Hayashi et
al., 2000; Zhu et al., 2000; Passafaro et al., 2001; Shi et al., 2001).
GIluR1/GluR2 receptors are added to synapses during plasticity.
This requires interactions between GluR1 and type I PDZ do-
main proteins. In contrast, GluR2/3 receptors replace existing
synaptic receptors continuously. This occurs only at the synapses
that already have AMPA-Rs and requires interactions by GluR2
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Figure 5. Trafficking of receptor from/to
the cell body. The intensity of the GFP signal
along the primary dendrite (120 wm from the
cell body), normalized over the fluorescence
of the cell body (cb), was examined for each
receptor.

with N-ethylmaleimide-sensitive factor (NSF) and type II PDZ
domain proteins. Interestingly, each trafficking process is distinct
and each seems ruled entirely by the specific molecular modules
present on the cytoplasmic C termini of a particular receptor
subtype (Passafaro et al., 2001; Shi et al., 2001). Although endog-
enous receptors participating in activity-dependent trafficking are
likely GluR1/GIluR2 heteromers, this trafficking appears to be
closely mimicked by recombinant homomeric GIluR1 receptors
(Passafaro et al., 2001; Shi et al., 2001). Similarly, endogenous
receptors participating in the constitutive replacement are likely
GIuR2/GluR3 heteromers, and this trafficking is well modeled by
homomeric GIuR2 receptors (Passafaro et al., 2001; Shi et al.,
2001).

In this study, we examined where, in neurons, these PDZ
domain interactions are required. Two potential sites of spatial
regulation were considered: from cell body to dendrite and from
dendrite to dendritic spine. In none of our perturbations did we
detect an effect on the general distribution within the neuron. We
thus conclude that homomeric GluR2 or GluR1 receptors exit the
cell body in equal amounts, and that neither CaMKII activity nor
PDZ domain interactions seem to control this transition. This is
in contrast to trafficking in Caenorhabditis elegans, where
CaMKII regulates the transport of glutamate receptors from cell
bodies to neurites (Rongo and Kaplan, 1999).

In contrast to the lack of effects on cell body to dendrite
transition, we find considerable regulation in the dendritic shaft
to spine transition. We confirm that GluR1 receptors are primar-
ily excluded from spines and that GluR2 receptors readily incor-
porate in spines (Shi et al., 2001). Of interest, the distribution of
GIuR2-GFP in spines is heterogeneous: some spines have rela-
tively little, whereas others have considerably more. This is con-
sistent with the view that GluR2-GFP receptors replace synaptic
receptors (Shi et al., 2001) and that there is normally a wide
distribution in the amount of synaptic receptors (Nusser et al.,
1998; Petralia et al., 1999; Takumi et al., 1999). We also confirm
an effect, described electrophysiologically, that active CaMKII
can drive GluR1-containing AM PA-Rs into synapses (Hayashi et
al., 2000) by showing that active CaMKII drives GluR1-GFP
into spines.

The most novel findings in this study concerned disruption of
PDZ domain interactions. We found that disruption of PDZ
domain interaction(s) on GluR1 and GluR2 had different effects.
For GluR1, the (T887A) mutation prevented accumulation of this
receptor into spines, whereas for GluR2, the (+863Y) mutation
enhanced accumulation of this receptor into spines. These results



5392 J. Neurosci., July 1, 2002, 22(13):5387-5392

indicate that PDZ domain interactions by GluR1 and GluR2 are
required at spatially distinct sites. It is notable that GIuR2 recep-
tors with PDZ domain mutations accumulate in spines (this
study) and yet are not incorporated into synapses (Shi et al.,
2001). A similar phenotype has been described for homomeric
GluR3 receptors (Shi et al., 2001), which do have PDZ domains
but lack NSF-binding capacity. These phenotypes are consistent
with the view that the cytoplasmic tail of GluR2, NSF, and PDZ
domain proteins cooperates to form functionally important com-
plexes (Hanley et al., 2001).

A recent time-lapse study has indicated that the delivery pro-
cesses controlled by GluR1 or GluR2 may track through distinct
subcellular sites (Passafaro et al., 2001). In that study, GluR1
receptors were delivered to the dendritic surface and then incor-
porated into spines. In contrast, GluR2 receptors were delivered
directly into the spine surface. In this case, if PDZ domain
interactions were important in surface delivery, one would pre-
dict that mutant receptors lacking PDZ ligand domains would
accumulate at different subcellular sites. In particular, GluR1
PDZ domain mutants should accumulate in dendrites and not go
into spines, whereas GluR2 PDZ domain mutants should accu-
mulate in spines. This is the distribution observed for our PDZ
domain mutants, suggesting that PDZ domain interactions are
critical for surface delivery of the receptors. This suggests that
GluR1 and GluR2 are delivered to the surface by similar pro-
cesses occurring at fundamentally different sites.
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