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Activity Bidirectionally Regulates AMPA Receptor mRNA
Abundance in Dendrites of Hippocampal Neurons

Sonja Y. Grooms,* Kyung-Min Noh,* Roodland Regis,* Gary J. Bassell, Monique K. Bryan, Reed C. Carroll," and
R. Suzanne Zukin
Department of Neuroscience, Albert Einstein College of Medicine, Bronx, New York 10461

Activity-dependent regulation of synaptic AMPA receptor (AMPAR) number is critical to NMDA receptor (NMDAR)-dependent synaptic
plasticity. Using quantitative high-resolution in situ hybridization, we show that mRNAs encoding the AMPA-type glutamate receptor
subunits (GluRs) 1 and 2 are localized to dendrites of hippocampal neurons and are regulated by paradigms that alter synaptic efficacy.
A substantial fraction of synaptic sites contain AMPAR mRNA, consistent with strategic positioning and availability for “on-site” protein
synthesis. NMDAR activation depletes dendritic levels of AMPAR mRNAs. The decrease in mRNA occurs via rise in intracellular Ca**,
activation of extracellular signal-regulated kinase/mitogen-activated protein kinase signaling, and transcriptional arrest at the level of
the nucleus. The decrease in mRNA is accompanied by a long-lasting reduction in synaptic AMPAR number, consistent with reduced
synaptic efficacy. In contrast, group I metabotropic GluR signaling promotes microtubule-based trafficking of existing AMPAR mRNAs
from the soma to dendrites. Bidirectional regulation of dendritic mRNA abundance represents a potentially powerful means to effect

long-lasting changes in synaptic strength.
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Introduction

Activity-dependent regulation of synaptic AMPA receptor
(AMPAR) number is critical to enduring forms of synaptic plas-
ticity such as NMDA receptor (NMDAR)-dependent long-term
depression (LTD). The precise events between synaptic activa-
tion and long-lasting modification of individual synapses remain
unclear. Whereas regulated synaptic delivery and retrieval of
AMPARSs are mechanisms critical to the early phase of NMDAR-
dependent synaptic plasticity (Carroll et al., 2001; Barry and Ziff,
2002; Malinow and Malenka, 2002; Sheng and Kim, 2002; Song
and Huganir, 2002; Collingridge et al., 2004), the mechanisms
underlying the expression phase are less clear. Local protein syn-
thesis is an attractive mechanism that could underlie long-lasting,
changes in synaptic efficacy (Eberwine et al., 2001; Steward and
Schuman, 2003; Martin and Zukin, 2006). Activity-dependent
mRNA trafficking and local protein synthesis in dendrites have
recently gained widespread acceptance as mechanisms funda-
mental to synaptic plasticity. By spatially restricting gene expres-
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sion within neurons, localized mRNAs endow synapses with the
capacity to regulate morphology and efficacy in response to spe-
cific stimuli.

Studies involving in situ hybridization demonstrate the pres-
ence of mRNAs encoding cytosolic, cytoskeletal, and integral
membrane proteins in dendritic layers of hippocampus and in
dendrites of hippocampal neurons in vivo and in vitro. These
include mRNAs encoding microtubule associated protein 2
(MAP2), the a subunit of Ca**/calmodulin-dependent protein
kinase II (CaMKII-«), brain-derived neurotrophic factor,
activity-regulated cytoskeleton-associated protein (Arc), TrkB
receptor, IP; receptor, the atypical protein kinase Mzeta, the
NMDAR NR1 subunit, and glycine receptor « subunit (for re-
view, see Steward and Schuman, 2003). More recently, unbiased
approaches to amplify mRNAs from dendritic and/or synaptic
compartments indicate as many as 400 localized mRNAs (Eber-
wine et al., 2001). Wide acceptance of the dendritic localization of
such alarge number of mRNAs, however, has been delayed by the
lack of in situ hybridization data documenting the presence of
mRNAs in dendrites.

Dendritic RNA transport is specific and rapid and can be reg-
ulated by neuronal activity. Synaptic stimulation in vivo delivers
Arc mRNA to segments of dendrites with activated synapses and
promotes “on-site” synthesis of Arc protein (Steward and Wor-
ley, 2001). Neuronal activity in vitro promotes movement of
CaMKIIa mRNA in dendrites (Rook et al., 2000) and transport
of B-actin mRNA into spines (Tiruchinapalli et al., 2003). Dopa-
mine receptor activation promotes local translation of AMPAR
mRNAs (Smith et al., 2005). These findings support a model in
which activated or “tagged” synapses recruit mRNAs, enabling
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local regulation of translation and synaptic efficacy (Martin and
Zukin, 2006).

Using quantitative fluorescence in situ hybridization
(Q-FISH) and Northern blot analysis, we show localization of
AMPAR mRNAs to dendrites of hippocampal neurons and reg-
ulation of mRNA abundance by glutamatergic signaling.
NMDAR activation, a signaling paradigm that induces endocy-
tosis of AMPARs in neurons in culture (Beattie et al., 2000;
Ehlers, 2000; Lee et al., 2004) and chemical LTD in hippocampal
slices (Lee et al., 1998; Kamal et al., 1999; van Dam et al., 2002; Li
etal,, 2004), depletes dendritic AMPAR mRNAs. NMDA triggers
a rise in intracellular Ca*™, activation of extracellular signal-
regulated kinase (ERK)/mitogen-activated protein kinase
(MAPK) and transcriptional arrest, leading to decreased mRNA
and synaptic AMPAR number. In contrast, group I metabotropic
glutamate receptor (mGluR) activation elevates dendritic AM-
PAR mRNA via microtubule-based, anterograde RNA transport.
Bidirectional regulation of dendritic AMPAR mRNAs is a novel
mechanism for long-lasting modifications of receptor composi-
tion and number, mechanisms relevant to synaptic plasticity.

Materials and Methods

Cell culture. Primary cultures of hippocampal neurons were prepared
from embryonic day 18 (E18) Sprague Dawley rat brains as described
previously (Goslin et al., 1988). Dissociated cells were plated on 18 mm
poly-L-lysine-coated coverslips at low density (100,000 cells per dish),
inverted over a glial feeder layer, and maintained in Neurobasal medium
supplemented with B27 medium (Invitrogen, Carlsbad, CA) with once
per week feedings for 14—21 d in vitro (DIV). Primary cultures of cortical
neurons were prepared from E18 rats and plated at high density (one
brain hemisphere per 100 mm dish). Cortical cultures were maintained
in Neurobasal medium supplemented with B27 (Invitrogen) with once
per week feedings for 10—14 DIV. B27 suppresses glial cell growth to
<<0.5%, thus ensuring a nearly pure neuronal population (Brewer et al.,
1993).

Drug treatments. Hippocampal neurons at 14—21 DIV were stimulated
for 1 min (Q-FISH) or 2 min (immunocytochemistry) with 50 um
NMDA (plus 100 um CNQX to block AMPARSs) or for 15 min with 25 um
(RS)-3,5-dihydroxyphenylglycine (DHPG) (plus p-APV and CNQX to
block NMDARs and AMPARs) and further incubated for a total of 30
min at 37°C in conditioned medium containing p-APV (50 um) and
CNQX (100 um). Control cells were incubated for a total of 30 min at
37°C in conditioned medium containing p-APV (50 um) and CNQX
(100 um). In addition, to assess a possible effect of d-APV plus CNQX, a
minimum of two coverslips per experiment were incubated with con-
ditioned medium in the absence of added drugs (“untreated con-
trols”). BAPTA-AM (10 um) was applied 30 min before NMDA for a
total of 60 min. PD98059 [2-(2-amino-3-methyoxyphenyl)-4 H-1-
benzopyran-4-one] (50 um), SB203580 [4-(4-fluorophenyl)-2-(4-
methylsulfinylphenyl)-5-(4-pyridyl)-1 H-imidazole] (10 um), acti-
nomycin D (30 um), colchicine (10 pum), and emetine (20 um) were
applied 15 min before NMDA for a total of 45 min. After drug treat-
ment, cells were washed in ice-cold PBS two times, fixed with 4%
paraformaldehyde/5 mm MgCl,, and processed for in situ hybridiza-
tion and/or immunolabeling. Within this range of ages, we observed
no detectable effect of age on the abundance per unit area and/or
localization of mRNAs or on the ability of drugs to elicit alterations in
mRNA abundance and/or localization.

Oligonucleotide probes. A mixture of four oligonucleotides (1:1:1:1, 50
bases each), complementary to nucleotide positions 136—-185, 532—595,
787—836, and 1168—-1218 of rat GluR2 cDNA (Keinanen et al., 1990),
four oligonucleotides complementary to nucleotide positions 609—658,
711-760, 811-860, and 911-960 of the rat GluR1 cDNA, and four oligo-
nucleotides complementary to nucleotide positions 166-215,
1184-1233, 1750-1794, and 2107-2156 of the rat NR1 cDNA were re-
acted with digoxigenin succinimide ester (Roche, Indianapolis, IN) at
five amino-modified thymidine residues per oligonucleotide as de-
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scribed previously (Zhang et al., 2001). For control experiments, mix-
tures of three oligonucleotide probes were made to each of the following
RNAs: y-actin mRNA, -galactosidase mRNA, and adult rat 18S ribo-
somal RNA as described previously (Bassell et al., 1998). In addition,
scrambled probes (probes of the same size and base content but in a
scrambled order) were prepared. In all cases, a BLAST (basic local align-
ment search tool) search revealed that the sequences of oligonucleotide
probes and scrambled probes were not homologous to any other se-
quences within the database. To assess background staining, fluorescence
and alkaline phosphatase in situ hybridization were performed with the
omission of oligonucleotide probes. An advantage of oligonucleotide
probes over RNA probes is that probe length, guanine—cytosine content,
and hapten-labeling efficiency can be standardized, permitting direct
analysis of differences in signal distribution.

Quantitative fluorescence in situ hybridization. Digoxigenin-labeled
oligonucleotide probe mixtures (5 ng/oligonucleotide) were dried with
Escherichia coli tRNA (10 mg/ml) and salmon sperm DNA (10 mg/ml)
and resuspended in hybridization buffer [40% formamide/10% dextran
sulfate (Sigma, St. Louis, MO)/SSC/0.2% bovine serum albumin
(BSA)/50 mm sodium phosphate buffer, pH 7.0/ribonucleoside vanadyl
complex (Sigma)]. Cells were fixed by incubation in 4% paraformalde-
hyde/PBS/5 mm MgCl, for 20 min at room temperature, rinsed three
times in 1X PBS/5 mm MgCl, and equilibrated in 40% formamide con-
taining 20 mm sodium phosphate buffer, pH 7.0. Fixed cells were hybrid-
ized in hybridization buffer containing probe overnight at 39°C. After
hybridization, cells were incubated in 40% formamide in 1X SSC for 15
min at 37°C and washed three times with 1X SSC and three times with
Tris-buffered saline (TBS) (50 mm Tris/HCI buffer/150 mm NaCl, pH
7.4) at room temperature. Cells were then permeabilized by incubation
with 0.3% Triton X-100 for 5 min at room temperature, washed three
times in Tris—glycine buffer (0.1 m Tris-HCl/0.1 M glycine, pH 7.4), and
blocked by incubation with 2% BSA/2% fetal bovine serum/0.1% Triton
X-100 for 1 h at room temperature. Digoxigenin-labeled oligonucleotide
probes were detected by immunocytochemistry with cyanine 3 (Cy3)-
conjugated mouse monoclonal anti-digoxigenin antibody (Jackson Im-
munoResearch, West Grove, PA) in conjunction with Cy3-conjugated
anti-mouse antibody (Jackson ImmunoResearch) as described previ-
ously (Zhang et al., 2001). Dendritic structures and synapses were de-
tected with rabbit polyclonal anti-MAP2 antibody (dendrites; Boehr-
inger Mannheim, Mannheim, Germany) and rabbit polyclonal anti-
synapsin-1 antibody (synapses; Chemicon, Temecula, CA) after
permeabilization of cells with Triton X-100 in conjunction with Cy5-
conjugated donkey anti-rabbit IgG (Jackson ImmunoResearch).

Standard nonradioactive in situ hybridization. Neurons were fixed by
incubation in 4% paraformaldehyde/4% sucrose/1X PBS, acetylated
with 0.1 M triethanolamine-HCI, pH 8.0, containing 0.2% acetic anhy-
dride, rinsed with 1X PBS, and permeabilized by incubation in 0.2N
HCIL. Cells were rinsed two times with 1X PBS and incubated in 40%
formamide/1X SSC/0.01 M sodium phosphate buffer, pH 7.0, for 10 min
atroom temperature. Probes were dried with a mixture of 10 ug of E. coli
tRNA and 10 ug of salmon sperm DNA and resuspended in hybridiza-
tion buffer (40% formamide/10% dextran sulfate/1X SSC/0.2% BSA/15
mM sodium phosphate buffer, pH 7.0). Cells were hybridized with probe
overnight at 37°C. After hybridization, cells were rinsed for 5 min at 37°C
once with 40% formamide/SSC, three times with 1XSSC, and once with
1X TBS and then blocked by incubation in 1X TBS/10% BSA for 30 min
at room temperature. Digoxigenin-labeled oligonucleotides were de-
tected by incubation with an anti-digoxigenin Fab fragment conjugated
to alkaline phosphatase (1:1000; Boehringer Mannheim) in 1 X TBS con-
taining 10% BSA for 1 h at 37°C. Cells were rinsed once in TBS and
incubated with a solution containing 5-bromo-4-chloro-3-indolyl-
phosphate and 3-nitro blue tetrazolium chloride (Boehringer Mann-
heim) overnight at 4°C according to the directions of the manufacturer.
The colorimetric reaction was quenched by rinsing in 100 mm Tris-HCI,
pH 8.5/1 mm EDTA. Coverslips were mounted on glass slides with
glycerol/H,0.

Fluorescence microscopy and quantitative digital imaging. Neurons that
appeared healthy and morphologically intact were selected by an inves-
tigator blind to the drug treatment under phase optics and imaged by
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fluorescence microscopy. Fluorescence labeling was imaged with a Nikon
(Tokyo, Japan) Eclipse inverted microscope equipped with a 60X Plan-
Neofluar or a 60X Plan-Apochromat objective, phase optics, 100 W
mercury arc lamp, and HiQ bandpass filters (Chroma Technology,
Brattleboro, VT). Images were captured with a cooled CCD camera
(Hamamatsu, Bridgewater, NJ) using an electronically controlled illumi-
nation shutter (Sutter Instruments, Novato, CA) as described previously
(Zhang et al., 1999). In all experiments, images for all experimental con-
ditions were collected blind to the treatment and were processed and
imaged in parallel. Comparisons were made between control and stim-
ulated cells from the same culture preparation. For experiments involv-
ing Q-FISH and immunolabeling, minimal bleed-through between
channels was confirmed by imaging single-labeled specimens. Images of
control and stimulated cells from a given experiment were analyzed using
identical acquisition parameters. Exposure times were kept constant and
below grayscale saturation. Pixel size was 100 nm in x and y.

For quantitation of hybridization signal, cell bodies and all neurites of
each neuron were delineated from the phase image and transferred to the
fluorescent image for analysis. The total fluorescence intensity, inte-
grated intensity, and area of the region of interest (all neurites of a given
neuron) were analyzed using MetaMorph software (Universal Imaging
Corporation, West Chester, PA). To determine average signal intensity,
the total fluorescence intensity of all neurites emanating from the cell
soma up to and including the fourth branch point (~150 wm from the
soma) was normalized to the total area of the compartment. To ensure
that fluorescence was measured only in dendrites emanating from a sin-
gle neuron, identifying hallmarks were verified in MAP2-labeled cells like
those in Figure 2. Images were thresholded to subtract the average back-
ground fluorescence in cells labeled with negative control probes (ran-
domized GluR2 or B-galactosidase oligonucleotides). Fluorescence in-
tensity data for drug-treated cells are reported as the average integrated
intensity/area of the region of interest of all cells after normalization to
the average of the vehicle-treated, control cells. To assess synaptic local-
ization of receptor mRNA, GluR2 mRNA and synapsin images were
merged. Puncta were identified as discrete regions of fluorescence more
than twofold of background. Positive colocalization was scored as puncta
either overlapping or directly apposed (within two pixels) using Adobe
Photoshop software (Adobe Systems, San Jose, CA).

To estimate the relative volumes of the soma versus dendrites for
typical hippocampal pyramidal neurons in culture, confocal images were
acquired on an Olympus (Optical Thornwood, NY) Fluoview imaging
system. The pinhole was adjusted to give ~1 um depth of field, and a z
stack of images were taken every 1 um through the whole cell.
Background-subtracted images were thresholded in MetaMorph to
highlight positive GluR2 signal. To determine average signal intensity,
the total fluorescence intensity of the cell soma and of all neurites ema-
nating from the cell soma up to and including the fourth branch point
(~150 wm from the soma) was measured in each confocal plane. To
estimate the relative volumes of the two compartments, the sum of these
signals was calculated for all of the planes (total integrated signal). The
fluorescent signal in the dendrites was expressed as a percentage of the
total fluorescent signal contained in the soma and all neurites.

Except when otherwise noted, the n value refers to the number of
independent experiments, each involving analysis of two coverslips per
treatment group and a minimum of 10 cells per coverslip. All errors
reported are as SEMs. Statistical analysis was assessed by means of a
Student’s two-tailed ¢ test.

Northern blot analysis. To examine drug-induced alterations in mRNA
abundance, primary cultures of cortical neurons were maintained in
Neurobasal medium with B27 medium for 10—14 DIV (Brewer et al.,
1993). On the day of the experiment, neurons (three 100 mm dishes per
treatment group) were stimulated with NMDA in the absence or pres-
ence of actinomycin D as described above. Control cultures were treated
with conditioned medium. Immediately after stimulation, cells were har-
vested and mRNA was extracted with the FastTrack system (Invitrogen)
according to the instructions of the manufacturer. Northern blot analysis
was as described previously (Oguro et al., 2001). In brief, samples (1 ug of
mRNA with 0.3 pg/ml ethidium bromide) were loaded on a 1% agarose
gel and subjected to gel electrophoresis. The contents of the gel were
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capillary blotted onto Hybond-N nylon membranes (Amersham Bio-
sciences, Arlington Heights, IL) and fixed by exposure to ultraviolet light.
For preparation of probes, GluR1, GluR2 (gift from Dr. Stephen Heine-
mann, Salk Institute, La Jolla CA), NR1 (cloned by our laboratory), and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (loading control;
Ambion, Austin, TX) cDNAs were denatured and end labeled with the
RadPrime DNA labeling system (Invitrogen) in the presence of *2P-
dCTP (Amersham Biosciences) and purified by elution on NICK col-
umns (Amersham Biosciences). For detection of mRNA, membranes
were prehybridized for 1 hat 68°C in ULTRAHYyb solution (Ambion) and
then hybridized for 2 h at 68°C in ULTRAHyb solution containing *2P-
labeled-GluR1, GluR2, or NR1 ¢cDNA. The membranes were washed
twice in 2X SSC buffer containing 0.1% SDS at room temperature and
two times with 0.1X SSC buffer containing 0.1% SDS at 60°C before
exposure to film. Blots were reprobed with *?P-labeled-GAPDH cDNA
to confirm the equivalent loading of mRNA samples. Exposure time was
72 h for GluR1, GluR2, and NR1 and 12 h for GAPDH. For quantitation
of mRNA, Northern blots were analyzed with a Scan Jet 4-C computing
densitometer using NTH Image 1.61 image-processing and analysis soft-
ware. After background subtraction, mean optical densities of bands
were corrected for differences in loading, and SEMs were computed for a
minimum of four independent experiments. Statistical significance was
assessed by means of an unpaired Student’s £ test.

Immunocytochemistry. Immunolabeling of cellular GluR2 or NR1 pro-
tein was performed as described previously (Lissin et al., 1999). Surface
AMPARs were visualized in 1821 DIV cultures by using an antibody to
the N terminus of GluR2 after treatment with vehicle or drugs. Neurons
were chilled on ice and washed three times with 1X PBS before fixation
under nonpermeabilizing conditions with 4% paraformaldehyde/1Xx
PBS for 10 min at 22°C. Fixed cells were washed three times in 1X PBS for
10 min, blocked with 2% BSA/1X TBS, and incubated with 1X TBS
containing mouse monoclonal anti-GluR2 (Chemicon) to detect
AMPARs or mouse monoclonal anti-NR1 antibody (Chemicon) to de-
tect NMDARs for 1 h at room temperature. After washing, antibody-
labeled surface receptors were visualized with Cy3-conjugated secondary
antibody (goat anti-mouse IgG; Jackson ImmunoResearch). To verify
that cells fixed under nonpermeabilizing conditions were indeed non-
permeabilized, we labeled neurons with an antibody to the intracellular
protein PICK1 (protein interacting with C kinase-1). Whereas PICK1
immunoreactivity was detected in permeabilized cells, it was not detected
under these conditions (n = 4) (supplemental Fig. S1, available at ww-
w.jneurosci.org as supplemental material). To label total receptors, fixed
neurons were washed three times in 1X TBS, permeabilized with 0.1%
Triton X-100/1X PBS, washed three times in 1 XTBS, and blocked with
2% BSA/1X TBS. Fixed, permeabilized neurons were then incubated
with anti-GluR2 or anti-NR1 antibody as above. After washing, total
receptors were visualized with Cy3-conjugated secondary antibody
(affinity-purified donkey anti-mouse). For experiments involving dou-
ble immunolabeling, receptors were labeled under nonpermeabilizing
conditions as above; synapses were visualized after permeabilization of
cells with 0.1% Triton X-100 by incubation with rabbit anti-synapsin-1
antibody (1:200; Chemicon) in conjunction with FITC-conjugated sec-
ondary (donkey anti-rabbit IgG) antibody (Jackson ImmunoResearch).
Images were acquired and analyzed as described above for Q-FISH. Flu-
orescence intensity values for experimental cells were normalized to val-
ues for control cells at each time point.

Results

GluR2 and GluR1 mRNA granules localize to dendrites of
hippocampal neurons

To examine the spatial distribution of GluR2 mRNA, we per-
formed high-resolution Q-FISH and digital imaging analysis of
hippocampal neurons at 14-21 DIV (Bassell et al., 1998; Zhang et
al., 1999). Q-FISH afforded striking visual documentation of
GluR2 mRNA within cell somata (Fig. 1b) (for lower-intensity
images, see supplemental Fig. 52, available at www.jneurosci.org
as supplemental material) and neuronal processes, in which it
appeared as clusters of fluorescence. The clusters resembled RNA
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granules or “packets,” implicated in trans-
port of RNA in neurons (Krichevsky and
Kosik, 2001). Within dendrites, GluR2
mRNA granules extended to distal struc-
tures >50 um from the cell soma (Fig. 1b)
and were detected in spine-like protru-
sions (Fig. 1c, arrows). GluR2 mRNA flu-
orescence was not detectable in axons
marked by neurofilament-H (supplemen-
tal Fig. S3a—f, available at www.jneuro-
sci.org as supplemental material) or in
MAP2-negative processes (see below).
GluR1 mRNA fluorescence exhibited a
pattern similar to that of GluR2 (Fig. 1d-
f). In contrast, y-actin mRNA in neurons
at 9—10 DIV was confined primarily to the
soma (Fig. 1g,h). These results demon-
strate the presence of AMPAR mRNAs in
dendrites and show that mRNAs exhibit
distinct distributions within the neuron.

A number of observations document
the specificity of the mRNA labeling tech-
nique. First, no detectable labeling was ob-
served in neurons hybridized with scram-
bled GluR2 probe (Fig. 1iy). Second,
GluR2 mRNA fluorescence was not de-
tectable in astrocytes (supplemental Fig.
S3g—i, available at www.jneurosci.org as
supplemental material) or cardiac myo-
cytes (data not shown). Third, GluR2
mRNA distribution in neurons assessed by
an alkaline phosphatase-based in situ hy-
bridization protocol in combination with
a specific GluR2 probe (supplemental Fig.
S4a,b, available at www.jneurosci.org as
supplemental material) was essentially
identical to that obtained by Q-FISH (Fig.
1¢). In contrast, labeling by the alkaline
phosphatase method with a scrambled
GluR2 probe (supplemental Fig. S4¢,d, avail-
able at www.jneurosci.org as supplemental material) or a specific
probe to LacZ mRNA (supplemental Fig. Sde,f, available at www.
jneurosci.org as supplemental material) was undetectable.

To evaluate the relative proportion of total GluR2 mRNA that
is present in dendrites, we performed two experiments. First, we
evaluated the relative volumes of the dendrites and soma of typ-
ical hippocampal neurons at 14-21 DIV. Toward this end, we
imaged dye-labeled neurons by confocal microscopy and ac-
quired a z stack. Analysis of signal in the two compartments
indicated that the dendrites comprise 88.9 = 9.1% of the cell
volume and the soma comprises 11.2 * 1.4% of the cell volume
(n = 40). Second, we measured distribution of mRNA fluores-
cence between the compartments by confocal microscopy. Anal-
ysis of mRNA fluorescence signal indicated that ~50% of GluR2
mRNA is in the dendrites and ~50% in the soma. Because we did
not measure signal in dendrites beyond the third branch point,
the dendritic value may represent an underestimate and the soma
an overestimate of the actual volumes. Thus, dendritic mRNA
comprises a rather sizable proportion of total mRNA.

Figure 1.

um; g, i, 20 pm.

GluR2 mRNA is targeted to apparent synaptic sites
We next performed double labeling for GluR2 mRNA and the
known dendritic marker MAP2 (Fig. 2a—c). GluR2 mRNA fluo-
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GluR2 mRNA is highly clustered in proximal and distal dendrites of neurons. a- ¢, Localization of GluR2 mRNA in
hippocampal neurons visualized by high-resolution FISH. a, Phase-contrast image of a cultured hippocampal neuron at 21 DIV. b,
GluR2 mRNA appeared as fluorescent clusters extending into proximal and distal processes. The mRNA clusters resembled RNA
granules or packets, implicated in RNA transport in neurons. ¢, Enlarged view of boxed segment in b; arrows denote spine-like
protrusions. d, Phase-contrastimage of a cultured hippocampal neuron. e, GluR1 exhibited a granular organization similar to that
observed for GluR2 mRNA. £, Enlarged view of boxed segment in e; arrows denote spine-like protrusions. g, Phase-contrastimage
of a cultured hippocampal neuron. h, -y-Actin mRNA fluorescence in the same neuron as in g was confined to cell somata, with
little labeling in neuronal processes. i, Phase-contrast image of a cultured hippocampal neuron. j, Hybridization with a random-
ized GIuR2 probe of the same neuron as in i showed no detectable labeling in the soma or dendrites. Scale bars: a, b, 25 um; ¢, 5

rescence was prominent in MAP2-positive processes or den-
drites. Within dendrites, GluR2 mRNA granules extended be-
yond the third or fourth branch points (Fig. 2¢, merge). Whereas
MAP2 label was confined within dendritic shafts, GluR2 mRNA
fluorescence appeared to emanate from the shaft and localize to
spine-like protrusions (Fig. 2a,c, arrows). GluR2 mRNA fluores-
cence was not detected in MAP2-negative processes (1 = 40 cells
in 4 independent experiments). To characterize more rigorously
localization of GluR2 mRNA to synapses, we performed double
labeling for GluR2 mRNA and the presynaptic marker synapsin-1
(Fig. 2d,e). A subset of GluR2 mRNA clusters was juxtaposed to
synapsin puncta (Fig. 2e, inset, arrows). Altogether, 12.5 = 1.4%
of GluR2 mRNA clusters localized opposite synapsin (n = 5), and
25.8 £ 2.5% of synapsin puncta localized with a GluR2 mRNA
cluster (n = 5) (Fig. 2f). Thus, GluR2 mRNA targets to apparent
synaptic sites, consistent with possible local (on-site) synthesis of
AMPARs.

NMDAR activation promotes loss of AMPAR mRNAs

from dendrites

Dendritic RNA transport can be regulated in response to neuro-
nal activity (Kiebler and DesGroseillers, 2000; Steward and Schu-
man, 2001; Farina and Singer, 2002). We next examined the im-
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mRNA less accessible to the probe (cf.
Tiruchinapalli etal., 2003). Several factors,
however, argue against a prominent con-
tribution of RNA masking in this experi-
ment. First, Q-FISH is performed with a
mixture of five oligonucleotides directed
to different sequences within the mRNA; it
is unlikely that accessibility of all of the
sequences is similarly affected. Second,
whereas RNA binding proteins typically
recognize sequences in the 3" untranslated
region (UTR), our probes target sequences
in the coding region. Third, the decrease in
GluR2 mRNA signal assessed by Q-FISH
was confirmed by Northern blots (see Fig. 5).

The NMDA-induced decrease in
dendritic GluR2 mRNA requires Ca’*

Figure 2.

GluR2 mRNA clusters localize to dendritic shaft and postsynaptic structures. GluR2 mRNA (a) and MAP2 label (b) fill

and ERK/MAPK signaling
Ca’" is a crucial second messenger impli-
cated in the molecular transduction of

the shafts of dendritic processes; GluR2 mRNA clusters decorate proximal and distal segments of MAP2-filled dendrites (merge, ¢).

Some GluR2 mRNA clusters (but not MAP2 label) appear to emanate from the dendritic shaft and localize to the heads of spine-like
protrusions (a, ¢, arrows). d, Phase-contrast image of a cultured hippocampal neuron. e, Merge of GluR2 mRNA (red) and
synapsin-1 protein (green) for neuron shown under phase optics in d. GluR2 mRNA clusters colocalize with synapsin-1 puncta,
indicating the presence of abundant GluR2 mRNA at and near to synaptic sites. Inset, Enlarged view of boxed segment in e. A
number of GluR2 mRNA clusters localize in close proximity with synapsin puncta, indicating localization opposite presynaptic
terminals (arrows). f, Quantitation of juxtaposition of GluR2 mRNA clusters and synapsin-1 puncta. Approximately 26% of syn-
apses (marked by synapsin-1) contain GluR2 mRNA clusters (n = 29 cells from 5 independent experiments). Approximately 12%
of GluR2 mRNA clusters localize opposite synapsin puncta (n = 29 cells from 5 independent experiments). Scale bars: a— ¢, 20

um; insets, 2 wm; d, e, 25 m; inset, 5 um.

pact of NMDAR activation on localization of AMPAR mRNAs in
dendrites. In control cells, GluR2 mRNA fluorescence was abun-
dant in cell soma and dendrites (Fig. 3a). Application of NMDA
(50 uM) in the presence of the AMPAR antagonist CNQX (100
M) for 1 min, followed by additional incubation for a total of 30
min in the presence of D-APV and CNQX (“NMDA”), induced a
marked decrease in GluR2 mRNA fluorescence in dendrites rel-
ative to that of control cells incubated for 30 min in the presence
of D-APV and CNQX (“control”) (decrease by 34.8 = 2.9%; n =
12; p < 0.001) (Fig. 3b,g), with little or no effect on fluorescence
in soma (Fig. 3g). The NMDAR effect was blocked by the
NMDAR antagonist b-APV (50 uM; data not shown), indicating
a critical role for NMDAR activation. Similarly, NMDA de-
creased GluR1 mRNA fluorescence in dendrites relative to that of
control neurons (reduction by 35.3 * 4.8%; n = 5; p < 0.001)
(Fig. 3¢,d,g). The NMDA effect was specific in that it did not alter
NRI mRNA fluorescence (increase by 21.30 = 8.59; n = 4; NS)
(Fig. 3e,f,g) or number of synapses, marked by synapsin-1 puncta
(control, 16 = 2.2 puncta/10 uM dendrite, n = 4;NMDA, 15.1 =
1.1 puncta/10 M dendrite, n = 4; NS). Moreover, the impact of
NMDAR activation on somatic and dendritic nRNA abundance
was confirmed by confocal microscopy and analysis of z stacks of
images. Moreover, application of D-APV (50 um) and CNQX
(100 M) for 30 min in the absence of NMDA did not detectably
alter GluR2 mRNA fluorescence intensity in dendrites relative to
that of control cells incubated in conditioned medium in the
absence of added drugs (untreated control; n = 5; NS; data not
shown). These findings indicate that NMDAR activation pro-
motes a selective decrease in AMPAR mRNA abundance in den-
drites. Although less likely, we cannot rule out the possibility that
the observed decrease in signal is attributable, at least in part, to
masking of the mRNA by RNA binding protein(s), rendering the

synaptic activity into changes in gene ex-
pression. Ca®" influx via NMDARs acti-
vates an array of intracellular signaling
cascades. To examine a possible role for
Ca’" signaling, we loaded cells with the
cell-permeable Ca** chelator BAPTA-AM
(10 uM). Because local protein synthesis is
implicated in NMDA-dependent synaptic
plasticity and AMPARs in principal hip-
pocampal neurons are GluR2 containing,
we focused on NMDA regulation of GluR2 mRNA. BAPTA-AM
produced a slight increase in dendritic GluR2 mRNA (increase by
14.9 * 8.6%; n = 4) (Fig. 4, compare c with a) and abolished the
NMDA-induced loss of dendritic GluR2 mRNA (NMDA plus
BAPTA, increase by 10.0 * 11.1%; n = 5; p < 0.001 vs NMDA)
(Fig. 4, compare d with b). Thus, a rise in intracellular Ca®"is
critical to regulation of GluR2 mRNA by NMDA.

Ca** influx via NMDARs activates Ca*"-dependent signal-
ing cascades such as the ERK/MAPK cascade, a well characterized
signaling cascade implicated in regulation of gene expression
(Pearson et al., 2001; Sweatt, 2004; Thomas and Huganir, 2004).
To examine a possible role for ERK/MAPK signaling, we treated
neurons with the selective, membrane-permeant ERK inhibitor
PD98059 (50 uMm). PD98059 did not significantly alter GluR2
mRNA abundance (reduction by 12 = 19.9%; n = 6; NS) but
inhibited the NMDA-induced loss of GluR2 mRNA from den-
drites (NMDA plus PD98059, reduction by 13.5 * 5.6%; n = 6;
p <0.01 vs NMDA alone) (Fig. 4e—i). The inhibition by PD98059
was ERK specific in that SB203580 (10 M), a selective p38 MAPK
inhibitor, was without effect (NMDA plus SB203580, reduction
by 27.2 * 4.1%; n = 5; NS vs NMDA alone) (Fig. 4¢-1). These
findings indicate that ERK/MAPK activation is required for
NMDA regulation of GluR2 mRNA.

NMDA signaling inhibits GluR2 transcription

The results thus far indicate that NMDA signaling promotes a
reduction in dendritic GluR2 mRNA via NMDAR activation, a
rise in intracellular Ca**, and activation of MAPK but do not
distinguish between a loss of cellular GluR2 mRNA versus redis-
tribution (regulated trafficking) of mRNA from dendrites to cell
soma, with no change in abundance. To address this issue, we
treated neurons with NMDA (50 wM, 1 min), isolated mRNA,
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NMDAR activation promotes loss of dendritic GluR1 and GIuR2 (but not NR1) mRNAs. a, GluR2 mRNA localization in the soma and dendrites of a control (vehicle-treated) hippocampal

neuron at 21 DIV. b, Application of 50 um NMDA (plus 100 um CNQX, 1 min), followed by additional incubation for a total of 30 min in the presence of -APV and CNQX, caused a prominent loss of
GluR2 mRNA fluorescence (intensity and number of GluR2 mRNA clusters) in proximal and distal dendrites, assessed by Q-FISH at 30 min after initiation of drug treatment, with little or no change
insoma. ¢, GluRT mRNA localization in the soma and dendrites of a control hippocampal neuron from the same batch asinaand b. d, NMDA produced a marked decrease in GluR1 mRNA fluorescence
in dendrites, assessed by Q-FISH at 30 min after initiation of drug treatment. e, NR1 localization in the soma and dendrites of a control hippocampal neuron. NR1T mRNA clusters were abundant in
cell somata and throughout shafts of proximal and distal dendrites of a control (vehicle-treated) hippocampal neuron at 14 DIV. f, NMDA did not significantly alter NRT mRNA fluorescence in
dendrites of a hippocampal neuron, assessed at 30 min. g, Quantitation of data from images like those illustrated in a—f. Data represent the percentage change in the mean integrated intensity

values per designated area of interest. Error bars represent SEM (***p = 0.001). Scale bars: a—d, 25 pum; e, f, 15 um; insets, 2 wm.

and monitored cellular GluR2 mRNA abundance by Northern
blot analysis under high stringency conditions (Fig. 5a,b). GluR2
mRNA exhibited two bands, 5.9 and 3.9 kb, corresponding to two
splice variants that arise by alternative RNA splicing within the 3’
UTR of mouse (Kohler et al., 1994) and rat GluR2 mRNA (R.
Dingledine, personal communication). NMDA induced a
marked reduction in cellular GluR2 mRNA (reduction to 0.69 *
0.10% of the control value; n = 15; p < 0.01) (Fig. 5a,b), with no
effect on cell viability (supplemental Fig. S5, available at www.
jneurosci.org as supplemental material). Similar results were ob-
served for GluR1 mRNA (Fig. 54,b), consistent with coregulation
of GluR1 and GIuR2 mRNAs. The effect was specific in that
NMDA did not significantly alter NR1 or GAPDH mRNA (Fig.
5a,b). AMPA treatment also reduced dendritic levels of GluR2
mRNA (reduction to 68.1 = 9.1% of the control value; n = 4; p <
0.05; data not shown), indicating that glutamatergic signaling
specifically induces a loss of cellular AMPAR mRNAs.

Theloss of cellular GluR2 mRNA could arise as a consequence
of transcriptional regulation and/or regulation of mRNA stabil-
ity. To examine a possible effect of NMDA on mRNA stability, we
blocked RNA synthesis with the transcriptional inhibitor actino-

mycin D (30 um) and monitored GluR2 mRNA by Northern blot
analysis. The constitutive rate of GluR2 mRNA decay (measured
in the presence of actinomycin D) was relatively rapid (reduction
by ~40% in 30 min) (Fig. 5¢). The rates of constitutive decay of
NRI and GAPDH mRNA were slower than that of GluR2 (Fig.
5d,e). Application of NMDA (50 uM, 1 min) in the presence of
actinomycin D did not further alter GluR2, NR1, or GAPDH
mRNA (Fig. 5¢—e), indicating that NMDA does not alter mRNA
stability. These findings suggest that NMDA acts via transcrip-
tional arrest to reduce dendritic GluR2 mRNA.

Actinomycin D mimics and occludes the NMDA-induced loss
of dendritic GluR2 mRNA

To examine the mechanism by which NMDA regulates GluR2
mRNA in dendrites, we performed Q-FISH. Actinomycin D (30
uM, 45 min) reduced GluR2 mRNA in dendrites (reduction by
39.5 * 4.6%; n = 12) (Fig. 6¢,h), a degree of loss similar to that
observed for NMDA (Fig. 6b,h). In the presence of actinomycin
D, NMDA did not further alter dendritic GluR2 mRNA (NMDA
plus actinomycin D, reduction by 33.3 = 4.4%; n = 5; NS vs
either NMDA or actinomycin D alone) (Fig. 6d,h). Thus, actino-
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Figure4.  NMDA-induced loss of dendritic GluR2 mRNA requires Ca ™ and MAPK signaling.
a, Representative images showing control (a, ¢, e, g) and NMDA-treated (b, d, f, h) neurons
preincubated with vehicle (a, b), the cell-permeant (a 2 chelator BAPTA-AM (c, d), the ERK/
MAPK inhibitor PD98059 (e, f), and the p38 MAPK inhibitor SB203580 (g, h). a, b, NMDA (30s)
promoted loss/removal of GIuR2 mRNA fluorescence in dendrites, as assessed by Q-FISH at 30
min after initiation of drug treatment. ¢ h, The NMDA-induced loss of GluR2 mRNA was mark-
edly inhibited by BAPTA-AM (c, d) and PD98059 (e, f) but not by SB203580 (g, h), indicating
thatan elevation of intracellular Ca 2™ and ERK/MAPK (but not p38 MAPK) signaling are critical
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mycin D mimics and occludes the NMDA-induced loss of GluR2
mRNA in dendrites, consistent with a common mechanism of
action. These findings strongly suggest that NMDA acts via tran-
scriptional inhibition to decrease dendritic GluR2 mRNA.

NMDA-induced loss of dendritic GluR2 mRNA requires
microtubule-based transport
Trafficking of localized neuronal mRNAs is mediated by micro-
tubules (Knowles et al., 1996; Bassell et al., 1998; Zhang et al.,
1999; Shan et al., 2003; Richter, 2004). We reasoned that, if
NMDA signaling shuts off GluR2 transcription, it might act viaa
“synapse-to-nucleus signal.” Moreover, under conditions of
transcriptional block, RNA is removed by constitutive degrada-
tion. Microtubules could mediate transport of a synapse-to-
nucleus signal and/or removal of dendritic nRNA by constitutive
degradation. To address this issue, we treated neurons with the
microtubule destabilizing agent colchicine (10 um). Colchicine
did not alter GluR2 mRNA (increase by 8.7 = 9.4%; n = 12; NS)
(Fig. 6e,h) but markedly inhibited the NMDA-induced decrease
in dendritic GluR2 mRNA (increase of 3.8 = 14.8%; n = 4; p <
0.001 vs NMDA alone) (Fig. 6f,h). These findings indicate that
the NMDA-induced loss of dendritic GluR2 mRNA is microtu-
bule dependent.

To distinguish between a role for microtubules in transport of
a synapse-to-nucleus signal versus a role in constitutive RNA
degradation, we treated neurons with actinomycin D in the pres-
ence of colchicine. Because actinomycin D acts directly in the
nucleus to inhibit active transcription, it does not require a
synapse-to-nucleus signal. Actinomycin D reduced GluR2
mRNA abundance in dendrites by ~40% (Fig. 6¢,h). Colchicine
itself did not alter GluR2 mRNA abundance (Fig. 6e,h) but mark-
edly inhibited the actinomycin D-induced loss of GluR2 mRNA
from proximal and distal dendrites (reduction by 10.3 = 11.5%;
n = 4; p < 0.05 vs actinomycin D alone) (Fig. 6g,h). These find-
ings indicate that microtubules are required for constitutive deg-
radation of dendritic mRNA and implicate microtubule-based
transport in access of the degradative machinery to the mRNA.
Microtubules are also critical for transport of RNA granules to
and from dendrites (for review, see Hirokawa and Takemura,
2005). Thus, colchicine has two effects: it blocks local degrada-
tion and it blocks export of RNA to dendrites, thus maintaining
dendritic levels mRNA.

Group I mGluR1 activation promotes transport of AMPAR
mRNAs into dendrites

Activation of group I mGluRs promotes dendritic synthesis of
proteins such as GluR1 and GluR2 (Weiler and Greenough, 1993;
Kacharmina et al., 2000; Ju et al., 2004). We hypothesized that
mGluR activation might also promote AMPAR mRNA transport
into dendrites. Application of the group I mGluR agonist DHPG
(25 wM, 15 min) increased the abundance of GluR2 mRNA in
dendrites (increase by 52.2 = 11.6%; n = 10 independent exper-
iments; p < 0.001), with little or no effect in soma (Fig. 7a—f).
DHPG produced a similar increase in dendritic GluR1 mRNA
(increase by 40 * 14.3%; n = 3 independent experiments; p <

<«

to the NMDA effect. BAPTA-AM (c), PD98059 (e), and SB203580 (g) alone did not significantly
alter GluR2 mRNA levels in dendrites or soma. i, Quantitation of data from images like those
illustrated in a— h. NMDA treatment was as described in the legend to Figure 3. Drug treatments
were as described in Materials and Methods. Error bars represent SEMs for 5-11 independent
experiments (***p =< 0.001; ****p < 0.0005). Scale bar, 20 pm.
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0.01) (Fig. 7¢-1). The DHPG effect was a
specific in that NRI mRNA was un-
changed (data not shown).

The increase in GluR2 mRNA could
arise as a result of enhanced transcription,
a decrease in RNA degradation, and/or
regulated mRNA transport. To examine a
possible role for transcriptional regula-
tion, we treated neurons with actinomycin
D. Although actinomycin D reduced den-
dritic GluR2 mRNA (reduction by 33.7 *
7.2%; n = 4; p < 0.01 vs control) (Fig.
8¢,g), DHPG increased dendritic GluR2

. . GluR2
mRNA even in the presence of actinomy- Act
cin D (DHPG plus actinomycin D, de-
crease by 4.0 = 12.6%; n = 4; p < 0.01 vs
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We next examined whether the in-
crease in mRNA requires microtubules. Figure5.  NMDAR activation regulates total GluR2 mRNA abundance but does alter mRNA stability. a, Representative Northern

Colchicine did not detectably alter den-
dritic GluR2 mRNA but markedly inhib-
ited the DHPG-induced increase in den-
dritic GluR2 mRNA (Fig. 8e—g). This
finding suggests that mGluR1/5 signaling
promotes transport of existing GluR tran-
scripts from the cell body to dendrites via
microtubules.

Regulation of dendritic mRNAs alters synaptic
AMPAR number
Local protein synthesis in dendrites is critical to plasticity at sev-
eral synapses (Steward and Schuman, 2003; Kanai et al., 2004;
Richter, 2004; Martin and Zukin, 2006). We therefore investi-
gated whether regulation of dendritic mRNAs is associated with
alterations in AMPAR number. Toward this end, we fixed neu-
rons at times after pharmacological stimulation and performed
double immunolabeling for GluR2 and synapsin-1. In control
neurons, GluR2 surface expression was prominent in proximal
and distal dendrites (Fig. 9a). Brief stimulation with NMDA (50
M, 30 s) reduced surface GluR2 surface expression in dendrites
(decrease by 45 == 9% at 4 h; n = 6 independent experiments; p <
0.001 at4 h) (Fig. 9b,e), with no change in soma (decrease by 12 =
5% at 4 h; n = 6; NS at 4 h) (Fig. 9b). The NMDA effect was
blocked by b-APV (50 uMm; data not shown), indicating a critical
role for NMDAR activation. In contrast, NMDA did not signifi-
cantly reduce dendritic or somatic NR1 protein, assessed as late as
24 h (increase by 2.51 = 0.76% in dendrites, n = 4, NS; increase
by 1.35 £ 0.13% in soma, n = 4, NS; data not shown). Moreover,
NMDA did not detectably alter the number of synapses (control
neurons, 8.9 = 0.6 puncta/10 uM dendrite; n = 10; NMDA neu-
rons, 8.1 = 0.9 puncta/10 um dendrite; n = 10; NS), indicating
the specificity of the NMDA effect on AMPAR number.

The findings thus far show that NMDAR signaling produces a

blot analysis of mRNA samples from control (cntrl) and NMDA-treated cortical neurons (see Materials and Methods). b, Quanti-
tation of data. Brief stimulation with NMDA (50 um, 60 s) in the presence of CNQX reduced cellular GluR1 and GIuR2, but not NR1
or GAPDH, mRNA content in neurons, assessed at 30 min after initiation of drug application. c— e, Representative Northern blots
and decay rates of GIuR2 (c), NR1 (d), and GAPDH (e) mRNAs in the presence of the transcriptional inhibitor actinomycin D or after
NMDA treatment in the presence of actinomycin D. ¢, In the presence of actinomycin D, GluR2 mRNA exhibited a relatively rapid
rate of constitutive decay relative to that of NR1 (d) or GAPDH (e) mRNA. NMDA did not significantly alter the constitutive decay of
GluR2, NR1, or GAPDH mRNA observed in the presence of actinomycin D, indicating no detectable effect on mRNA stability. Error
bars represent SEMs for four independent experiments (**p =< 0.01).

reduction in surface dendritic GluR2 protein but do not distin-
guish between regulated receptor endocytosis versus a reduction
in protein abundance. To distinguish between these possibilities,
we assessed the impact of NMDA on total GluR2 protein in den-
drites. NMDA reduced total GluR2 protein in dendrites (decrease
by 46.0 = 9% at 4 h; n = 4; p < 0.01 vs control) (Fig. 9e,f). The
decrease in dendritic GluR2 was sustained for aslong as 24 h (data
not shown). The finding of a comparable decrease in surface and
total GluR2 protein indicates that regulated receptor endocytosis
alone cannot account for the altered receptor number. A reduc-
tion in protein could arise as a result of reduced protein synthesis
and/or enhanced degradation. To distinguish between these pos-
sibilities, we treated cells with the irreversible protein synthesis
inhibitor emetine (20 uM, applied 15 min before NMDA) (Lin-
den, 1996); this protocol affords a measure of constitutive recep-
tor degradation in the absence of protein synthesis. In the pres-
ence of emetine, the levels of dendritic GluR2 protein declined
(decrease by 39.6 == 7.5% at 4 h; n = 4; p < 0.01) (Fig. 9f). In the
presence of emetine, NMDA did not further reduce GluR2 in
dendrites (decrease by 41 * 9.7%; n = 4; NS vs emetine alone)
(Fig. 9f). These findings indicate that NMDA does not regulate
protein stability.

The observation of a reduction in surface and total GluR2
protein in dendrites, with little or no change in protein stability,
suggests a role for translational and/or transcriptional regulation.
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Figure 6.  Actinomycin D mimics and occludes the NMDA-induced decrease in dendritic

GluR2 mRNA. a- g, Representative images showing GluR2 mRNA in control (a, ¢, e, g) and
NMDA-treated (b, d, f) neurons after preincubation with the transcription inhibitor actinomy-
cin D (¢, d), the microtubule- depolymerizing agent colchicine (e, f) or actinomycin D and
colchicine (g), assessed by Q-FISH at 30 min after initiation of drug application. ¢, d, The tran-
scriptional inhibitor actinomycin D decreased dendritic GluR2 mRNA to nearly the same extent
as NMDA (b) and occluded additional reduction of GluR2 mRNA abundance by NMDA (d). Col-
chicine did not detectably alter GluR2 mRNA abundance in dendrites but strikingly inhibited the
NMDA- and actinomycin D-induced loss/removal of GluR2 mRNA from dendrites (f). h, Quan-
titation of data. Drug treatments were as described in Materials and Methods. Error bars repre-
sent SEMs for 4 —12 independent experiments (**p =< 0.01). Scale bars: @, 20 um; inset, 2 um.
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Figure7.  Group | mGluR1activation enhances levels of GluR2 and GIluRT mRNA in dendrites.
a—f, Representative images showing GIuR2 mRNA in control (b, ¢) and DHPG-treated (e, f)
neurons, as assessed by Q-FISH at 30 min after initiation of drug treatment. DHPG (25 um plus
50 wm p-APV and 100 um CNQX) was applied for 15 min. b, e, GluR2 mRNA fluorescence is
prominent in the soma and dendrites of the same neurons shown under phase opticsinaand d,
respectively. ¢, f, Enlarged view of areas indicated in boxes in b and e, respectively. g—1, Repre-
sentative images showing GluR1T mRNA fluorescence in a control (g—i) and DHPG-treated (j—/)
neuron, as assessed by Q-FISH at 30 min after initiation of drug treatment. h, k, GluR1 mRNA
fluorescence in the soma and dendrites of the same neurons shown under phase optics in g and
J, respectively. i, I, Enlarged view of areas indicated in boxes in h and k, respectively. Activation
of group I mGluRs markedly enhanced GluR2 and GIuRT mRNA fluorescence intensity in proxi-
mal and distal dendrites of hippocampal neurons, with no significant change in cell soma. Error
bars represent SEMs for 10 (GluR2 mRNA) and 3 (GluRT mRNA) independent experiments, each
involving aminimum of 20 cells per treatment group (**p = 0.01). Scale bars: b, e, h, k, 20 m;
¢fil,2 um.

To address this issue, we treated neurons with actinomycin D (30
uM, applied 15 min before NMDA) and examined dendritic
AMPAR numbers by immunocytochemistry. Actinomycin D re-
duced dendritic GIuR2 (decrease by 42 = 10%;n = 4; p < 0.01 vs
control) (Fig. 9¢,f). In the presence of actinomycin D, NMDA did
not further alter dendritic GIuR2 (decrease by 37 = 12%; n = 4;
NS vs NMDA or actinomycin D alone) (Fig. 94,f). Thus, the two
effects occluded one another, consistent with a common mecha-
nism of action. Neither treatment altered the number of synapses
(actinomycin D neurons, 8.2 = 0.4 puncta/10 um dendrite, n =
10, NS; NMDA plus actinomycin D neurons, 8.7 = 0.8 puncta/10
uM dendrite, n = 10, NS), indicating specificity of the drug
effects.

The results thus far show that NMDA reduces surface AMPAR
expression in dendrites but do not distinguish between synaptic
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and extrasynaptic receptors. To address
this issue, we assessed synaptic AMPAR
numbers, scored as GluR2 puncta that co-
localize with synapsin-1 puncta. In control
neurons, many GluR2 puncta were juxta-
posed to synapsin-1 puncta, indicating lo-
calization of AMPARs at synaptic sites
(Fig. 9a). Altogether, 72.5 * 1.8% of syn-
apses contained GluR2 (n = 10 cells, 4
neurites per cell) (Fig. 9¢). NMDA (30 s)
reduced the percentage of synapses with
GluR2 (decrease to 13.6 = 2.8% at4 h; n =
10; p < 0.001) (Fig. 9b,g). Actinomycin D
produced a similar decrease in percentage
of synapses with GluR2 (decrease to
13.9 = 2.4% synapses with GluR2; n = 10;
p < 0.001 vs control) (Fig. 9¢,g). More-
over, in the presence of actinomycin D,
NMDA did not further alter the number of
synaptic AMPARs (decrease to 16.9 *
2.3% synapses with GluR2; n = 10; NS vs
actinomycin D alone) (Fig. 9d,g). Thus,
the two effects occluded one another, con-
sistent with a common mechanism of ac-
tion. These findings suggest, but do not
prove, a causal relationship between regu-
lated dendritic mRNA abundance and loss
of synaptic AMPARs and implicate regu-
lated dendritic mRNA abundance as a
mechanism relevant to synaptic efficacy.
We cannot, however, rule out the possibil-
ity that the loss of receptors arises as a re-
sult of a loss of somatic mRNA, reduced
translation centrally, and reduced trans-
port of GluR2 subunits to synaptic sites.

Discussion

Activity-dependent alterations in AMPAR
number are critical to many forms of syn-
aptic plasticity. Whereas regulated inser-
tion and removal of AMPARs from synap-
tic sites are critical to the early phase of
NMDAR-dependent plasticity, regulated
translation of dendritic mRNAs is well
suited to the late, expression phase of long-
term potentiation (LTP) and LTD. Here
we show the novel observation that endog-
enous mRNAs encoding the AMPA recep-
tor subunits GluR1 and GluR2 are local-
ized to proximal and distal dendrites of
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Figure8. mGluR-induced increase in dendritic GluR2 mRNA involves regulated mRNA transport. a—f, Representative images

showing GIuR2 mRNA in control (a, ¢, e) and DHPG-treated (b, d, f) neurons pretreated with vehicle (a, b), the transcriptional
inhibitor actinomycin D (¢, d) and the microtubule-depolymerizing agent colchicine (e, f). g, Quantitation of data. Drug treat-
ments were as described in Materials and Methods. b, DHPG (15 min) markedly enhanced GluR2 mRNA fluorescence in dendrites
relative to that of control neurons (a), as assessed by Q-FISH at 30 min after initiation of DHPG application. ¢, Actinomycin D
reduced fluorescence signal in dendrites. d, DHPG markedly increased GluR2 mRNA fluorescence in dendrites relative to that
observed in the presence of actinomycin D alone. e, f, Colchicine did not detectably alter dendritic GluR2 mRNA fluorescence in
dendrites or soma but markedly inhibited the DHPG-induced increase in GluR2 mRNA in dendrites. g, Quantitation of data. Error
bars represent SEMs for four to six independent experiments. Scale bar, 20 m. h, Representative Northern blot analysis of mRNA
samples from control (cntrl) and DHPG-treated cortical neurons (see Materials and Methods). /, Quantitation of data. Stimulation
with DHPG (25 wum, 15 min) in the presence of 50 v p-APV and 100 v CNQX did not significantly alter cellular GluR2, NR1, or
GAPDH mRNA content in neurons, assessed at 30 min after initiation of drug application. Error bars represent SEMs for four
independent experiments. *p << 0.05; **p << 0.01. Scale bar (in a), 25 wm.

hippocampal neurons. A substantial fraction of synaptic sites
contain GluR2 mRNA clusters, consistent with their strategic
positioning and availability for on-site protein synthesis. We
demonstrate that glutamatergic signaling regulates GluR1 and
GluR2 (but not NR1) mRNA localization in dendrites of hip-
pocampal neurons. The finding that NR1 mRNA abundance is
not altered underscores the specificity of the effect. NMDAR ac-
tivation induces a loss of cellular GluR1 and GluR2 (but not NR1
or GAPDH) mRNA content. The NMDA-induced decrease in
dendritic GluR2 mRNA occurs via a rise in intracellular Ca?",
activation of ERK/MAPK (but not p38 MAPK) signaling, and
transcriptional arrest at the level of the nucleus, consistent with a
synapse-to-nucleus signal.

We further show that regulated AMPAR mRNA localization
has functional consequences. The NMDAR-induced decrease in
levels of dendritic AMPAR mRNAs is associated with a long-
lasting decrease in synaptic AMPAR number. Experiments in-
volving emetine indicate that NMDA does not promote receptor
degradation but rather inhibits protein synthesis. Experiments
involving actinomycin D indicate a causal relationship between
loss of dendritic mRNA and loss of synaptic GluR2 protein. A
possible scenario is that NMDAR activation inhibits transcrip-
tion, thereby reducing dendritically localized GluR2 mRNA and
local translation, leading to a decrease in dendritic and synaptic
AMPAR numbers. The decrease in synaptic AMPAR number is
consistent with NMDA-induced LTD (Lee et al., 1998; Kamal et
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Figure9. NMDAR activation induces a long-lasting decrease in synaptic AMPAR number. a— d, Representative images show-

ing surface GIuR2 (red) and synapsin-1 (green) protein immunolabeling in neurons at 4 h after treatment with vehicle(a), NMDA
(b), actinomycin D (c), and NMDA (d) in the presence of actinomycin D. e, Time course of surface and total GIuR2 protein in
dendrites after treatment with NMDA. f, Quantitative analysis of total GIuR2 protein abundance in dendrites at 4 h after NMDA,
actinomycin D, NMDA plus actinomycin D, emetine, and NMDA plus emetine. g, Quantitative analysis of synaptic GluR2 assessed
inimages like those in a— d. NMDAR stimulation (30 s) markedly reduced surface and total GluR2 protein abundance in dendrites,
with little or no change in soma (b, e, f). NMDA did not detectably alter NR1 protein fluorescence in dendrites (data not shown).
Emetine and actinomycin D mimicked and occluded the NMDA-induced loss of GluR2 protein in dendrites (f) and synapticsites (g).
Drug treatments were as described in Materials and Methods. Data represent the percentage change in the mean integrated
intensity values per designated area of interest for a minimum of four independent experiments. Error bars represent SEMs

(**p = 0.01). Scale bars: a-d, 10 m; insets, 2 m.

al., 1999; Beattie et al., 2000; van Dam et al., 2002; Li et al., 2004).
It should, however, be noted that, although locally translated in
dendrites, integral membrane proteins may undergo long-range
transport to Golgi apparatus in the soma, followed by transport
back to synaptic sites (Horton and Ehlers, 2003). Moreover, only
a small minority of dendrites contain Golgi outposts (Horton et
al., 2005). Thus, the abundance of dendritic mRNA encoding
membrane proteins would not necessarily predict abundance of
the fully processed protein product.

Whereas NMDAR signaling inhibits transcription and causes
a decrease in GluR1 and GluR2 mRNA abundance in dendrites,
group I mGluR signaling promotes anterograde trafficking of
GluR1 and GluR2 mRNA to dendrites. The mGluR-induced in-
crease in dendritic GluR2 mRNA requires microtubule-based
mRNA transport but not active transcription, consistent with
transport of an available pool of mRNA. This same signaling
paradigm drives translation of exogenously expressed AMPAR
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mRNAs and synaptic insertion of AM-
PARSs in severed dendrites, demonstrating
the presence of key translational machin-
ery in dendrites and regulation of AMPAR
synthesis by neuronal activity (Kac-
harmina et al., 2000; Ju et al., 2004). The
presence of endogenous AMPAR mRNAs
in dendrites together with key elements of
translational machinery suggests an im-
portant relationship between AMPAR
synthesis and activity-dependent synaptic
and structural plasticity. Consistent with
this concept, recent findings link AMPAR
GluR2 expression to remodeling of den-
dritic spines and structural plasticity (Pas-
safaro et al., 2003). The present study ex-
tends previous studies in that it shows for
the first time that endogenous AMPAR
mRNAs are localized to dendrites and that
mRNA abundance is bidirectionally regu-
lated by neuronal activity.

Localization of mRNAs and regulated
translation in dendrites have recently
gained widespread acceptance as mecha-
nisms fundamental to synaptic plasticity
(Eberwine, 2001; Steward and Schuman,
2003; Martin and Zukin, 2006). By spa-

801 tially restricting gene expression within
9 neurons, dendritically localized mRNAs
2u; HE - endow synapses with the capacity to au-
v 5§ & 95 tonomously regulate morphology and ef-
F s e § éf ficacy. Bidirectional regulation of AMPAR

¥ £ & mRNA localization in dendrites represents
< < a novel and potentially powerful mecha-

nism for altering synaptic structure and ef-
ficacy. Although not addressed by the
present study, our findings suggest that
AMPAR mRNAs may also be present in
the dendrites of hippocampal neurons in
situ. Consistent with this, pilocarpine-
induced seizures promote translocation of
GluR2 mRNA to dendrites of hippocam-
pal neurons in situ, as assessed by laser
capture of the CAl dendritic layer (R.
Dingledine, personal communication).
Nevertheless, we cannot rule out the pos-
sibility that AMPAR mRNAs are primarily localized to dendrites
of immature neurons in culture.

Ca’" and MAPK signaling are critical to regulation of
dendritic GluR2 mRNA abundance

Our study has begun to define the signaling mechanisms that
couple NMDAR activation to changes in dendritic levels of
AMPAR mRNAs in dendrites. We show that a rise in intracellular
Ca’" and ERK/MAPK signaling is critical to NMDAR-regulated
levels of dendritic GluR2 mRNA. We further show that NMDA
acts via ERK/MAPK signaling to arrest GluR2 transcription and
thereby depress GluR2 mRNA in dendrites. These findings are
consistent with the concept that Ca®" influx via NMDARs serves
as an “on switch” for ERK-dependent synapse-to-nucleus com-
munication (Hardingham et al., 2001). The ERK/MAPK cascade
is a well characterized Ca®"-dependent signaling cascade impli-
cated in regulation of gene expression (Sweatt, 2004). Once acti-
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vated, ERK assembles with a downstream kinase such as pp90
ribosomal protein S6 kinase (Rsk); the MAPK/Rsk complex
translocates to the nucleus in which it regulates transcription of
genes involved in synaptic plasticity. Although ERK signaling is
well known to activate transcription in neurons, it can inhibit
transcription via phosphorylation and activation of repressors
(Allen et al., 2000; Lo et al., 2001).

Regulated trafficking of AMPAR mRNAs in dendrites
Whereas NMDA signaling induces transcriptional inhibition,
group I mGluR signaling promotes trafficking of mRNA from the
cell soma into dendrites by microtubule-based transport. RNAs
are transported into developing axons and dendrites in the form
of large granules containing RNA, RNA binding proteins, ribo-
somes, and translational factors (RNA-containing granules);
RNA transport in neuronal processes is rapid (average speed of
0.1 wm/s), bidirectional, and microtubule dependent (for review,
see Hirokawa and Takemura, 2005). Recent studies have begun to
reveal the underpinnings of RNA transport in dendrites. In a tour
de force, Kanai et al. (2004) used affinity chromatography and
proteomics to identify 42 components of large RNA-containing
granules and showed that kinesin family member KIF5 is a motor
critical to transport of granules into distal dendrites (Kanai et al.,
2004). Our finding that mGluR signaling regulates AMPAR (but
not NMDAR) mRNA trafficking into dendrites is consistent with
the notion that RNA transport is rapid and specific and can be
regulated by neuronal activity. Of binding proteins known to
mediate mRNA trafficking in dendrites, perhaps the best charac-
terized is cytoplasmic polyadenylation element binding protein
(CPEB) (Huang et al., 2003). CPEB facilitates mRNA targeting to
dendrites (Huang et al., 2003) and triggers on-site translation in
response to external cues (Shin et al., 2004). The 3" UTR of the
long splice form of GluR2 mRNA contains putative CPE consen-
sus sequences, which might subserve regulated trafficking in
dendrites.

Based on these findings, we propose a model whereby activity
bidirectionally regulates AMPAR mRNA abundance in dendrites
(supplemental Fig. S6, available at www.jneurosci.org as supple-
mental material). GluR1 and GluR2 mRNAs are localized in the
soma and dendrites of hippocampal neurons. NMDAR activa-
tion produces a rise in intracellular Ca*" (localized primarily to
spines) and activation of the Ca**-dependent MAPK signaling
cascade. ERK, the putative synapse-to-nucleus signal, translo-
cates to the nucleus and inhibits transcription of GluR1 and
GluR2. Under conditions of transcriptional block, dendritic lev-
els of AMPAR mRNA are decreased. Microtubule-based trans-
port is required for the decrease in dendritic mRNA, consistent
with a role for microtubules in RNA degradation (Cleveland and
Havercroft, 1983; Gong and Brandhorst, 1988; Aronov et al.,
1999; Tadros et al., 2003). A possible scenario is that GluR2
mRNA undergoes microtubule-based transport from synaptic
sites to processing- (or P-) bodies, organized sites in which de-
capping and degradation take place (Sheth and Parker, 2003).
Future studies will be required to determine whether P-bodies are
present in neurons or localized to dendrites. In contrast, the
mGluR-mediated effect requires RNA transport but not tran-
scription. The finding that mGluR signaling produces a different
and opposing action to NMDARs is not surprising given that
activation of mGluRs and NMDARs elicit Ca*" signals with dif-
fering spatiotemporal dynamics.
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Physiological significance of regulated trafficking of AMPAR
mRNAs in dendrites

The present study provides the first evidence of regulated
AMPAR abundance and trafficking in dendrites. Regulated en-
docytosis of synaptic AMPARs is a mechanism critical to the early
phase of NMDAR-dependent LTD at hippocampal synapses (cf.
Carroll et al., 2001). We propose that, whereas regulated endocy-
tosis produces a change in surface (but not total) AMPARs and
lasts on the order of minutes, regulated mRNA in dendrites can
produce alterations in receptor number that endure for many
hours. We show that NMDAR activation promotes transcrip-
tional arrest of AMPAR mRNAs, decreased dendritic mRNA, and
decreased receptor number, mechanisms that may be relevant to
long-lasting LTD. In contrast, mGluR activation drives traffick-
ing of GluR mRNAs into dendrites (present study) and promotes
local on-site protein synthesis (Kacharmina et al., 2000; Ju et al.,
2004). Whereas mGluR activation promotes AMPAR endocyto-
sis and LTD on the order of minutes, mGluR LTD is followed by
priming of LTP, a state in which persistent enhanced membrane
excitability facilitates LTP induction on the order of hours (Co-
hen and Abraham, 1996; Cohen etal., 1999; Raymond et al., 2000;
Miura et al., 2002). We propose that enhanced levels of GluR
mRNAs in dendrites may represent a mechanism relevant to
priming. Thus, regulation of AMPAR mRNA abundance and
trafficking by glutamatergic signaling provides a potentially pow-
erful means to effect long-lasting changes in synaptic efficacy.
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