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Abstract
The neuronal Na+-dependent glutamate transporter, excitatory amino acid carrier 1 (EAAC1, also
called EAAT3), has been implicated in the control of synaptic spillover of glutamate, synaptic
plasticity, and the import of cysteine for neuronal synthesis of glutathione. EAAC1 protein is
observed in both perisynaptic regions of the synapse and in neuronal cell bodies. Although amino
acid residues in the carboxyl terminal tail have been implicated in the dendritic targeting of
EAAC1 protein, it is not known if mRNA for EAAC1 may also be targeted to dendrites. Sorting
of mRNA to specific cellular domains provides a mechanism by which signals can rapidly
increase translation in a local environment; this form of regulated translation has been linked to
diverse biological phenomena ranging from establishment of polarity during embryogenesis to
synapse development and synaptic plasticity. In the present study, EAAC1 mRNA sequences were
amplified from dendritic samples that were mechanically harvested from low-density hippocampal
neuronal cultures. In parallel analyses, mRNA for histone deacetylase 2 (HDAC-2) and glial
fibrillary acidic protein (GFAP) was not detected, suggesting that these samples are not
contaminated with cell body or glial mRNAs. EAAC1 mRNA also co-localized with Map2a (a
marker of dendrites) but not Tau1 (a marker of axons) in hippocampal neuronal cultures by in situ
hybridization. In control rats, EAAC1 mRNA was observed in soma and proximal dendrites of
hippocampal pyramidal neurons. Following pilocarpine- or kainate-induced seizures, EAAC1
mRNA was present in CA1 pyramidal cell dendrites up to 200 μm from the soma. These studies
provide the first evidence that EAAC1 mRNA localizes to dendrites and suggest that dendritic
targeting of EAAC1 mRNA is increased by seizure activity and may be regulated by neuronal
activity/depolarization.
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1. Introduction
Extracellular concentrations of the excitatory amino acids (EAAs) are controlled by a family
of Na+-dependent glutamate transporters that include GLAST, GLT-1, EAAC1 (also called
EAAT1, EAAT2, and EAAT3 respectively), EAAT4, and EAAT5 (for review, see Danbolt,
2001; Sheldon and Robinson, 2007). EAAC1 protein is found in inhibitory inter-neurons,
excitatory neurons, and oligodendroglia (Conti et al., 1998; Rothstein et al., 1994). EAAC1
is enriched in pyramidal neurons in the forebrain where it is localized to both cell bodies and
peri-synaptic regions of post-synaptic elements (He et al., 2000; He et al., 2001). In
inhibitory cells, EAAC1 is thought to provide glutamate as a precursor for the synthesis of
GABA (Liang et al., 2006; Mathews and Diamond, 2003; Sepkuty et al., 2002). There is
also evidence that EAAC1 limits the spillover of excitatory neurotransmitter between
synapses (Diamond, 2001; Scimemi et al., 2009) and contributes to neuronal uptake of
cysteine, a critical precursor for glutathione synthesis (see Aoyama et al., 2006 for
discussion). Together these studies suggest that EAAC1 has a plurality of functions in the
CNS (for review, see Nieoullon et al., 2006).

Excitatory synaptic transmission is extremely plastic with increases or decreases that can be
either short- or long-lasting. In many cases, this synaptic plasticity is thought to be synapse-
specific (i.e. not all inputs to a given cell are modified). There is strong evidence that
receptor redistribution on or off the plasma membrane contributes to this plasticity (for
review, see Newpher and Ehlers, 2008). As observed for several ligand-gated glutamate
receptors (for reviews, see Elias and Nicoll, 2007; Greger and Esteban, 2007), the levels of
EAAC1 protein at the cell surface can be rapidly (within min) regulated by diverse stimuli,
including protein kinase C, growth factor receptor activation, and NMDA receptor activation
(for review, see Robinson, 2006). In fact, the plasma membrane expression of EAAC1
changes after induction of long term potentiation (LTP) or after contextual fear conditioning
(Levenson et al., 2001; Pita-Almenar et al., 2006). In addition to receptor redistribution,
there is evidence that regulation of translation of mRNAs in dendrites also contributes to
synaptic plasticity (for reviews, see Kelleher et al., 2004; Wang et al., 2010).

Although many groups have examined the distribution of EAAC1 mRNA in tissue sections
by in situ hybridization (Berger and Hediger, 1998; Kugler and Schmitt, 1999; Shibata et al.,
1996; Simantov et al., 1999; Velaz-Faircloth et al., 1996), none have reported localization of
EAAC1 mRNA in dendrites. In the present study, we provide evidence that EAAC1 mRNA
is selectively targeted to dendrites in hippocampal neurons in vitro. EAAC1 mRNA is
restricted to the cell body and proximal dendrites of hippocampal pyramidal neurons in vivo
under control conditions. Finally, the amount of EAAC1 mRNA detected in dendrites
increases dramatically in CA1 pyramidal neurons after a seizure induced by either
pilocarpine or kainate.

2. Materials and Methods
2.1. Materials

Dulbecco's modified Eagle Medium (DMEM), trypsin-EDTA, Neurobasal A medium, B27
supplement, L-glutamine, normal goat serum, and penicillin-streptomycin were purchased
from Life Technologies (Grand Island, NY). Culture plates were purchased from Corning
(Cambridge, MA). Pilocarpine hydrochloride, kainic acid monohydrate, and scopolamine
methyl nitrate were bought from Sigma-Aldrich (St. Louis, MO). Monoclonal anti-
microtubule associated protein-2a and b (Map2a), and monoclonal anti-tau-1 protein (Tau-1)
antibodies were purchased from Millipore (Billerica, MA).
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2.2. Primary neuronal cultures
Primary neuron-enriched cultures were prepared from embryonic Sprague-Dawley rat
hippocampi at 18 or 19 days of gestation (see Miyashiro et al., 1994 for original references).
Briefly, pregnant rats were sacrificed by CO2 overdose and embryos were removed by C-
section. After removal of the meninges, hippocampi were isolated and incubated in trypsin
for 20 min at 37°C. Dissociated cells were obtained by gentle mechanical trituration using a
flame polished Pasteur pipette. Cells (100,000 cells/ml) were plated on poly-D-lysine coated
coverslips (0.5 mg/ml). Cells were maintained in defined Neurobasal A Medium
(Invitrogen, Eugene, OR) with Glutamax (Invitrogen) and 2% B-27 supplement (Invitrogen)
in 5% CO2 at 37°C. After 14-16 days, these cultures are very low density, providing easy
access to isolate dendrites with a micro-pipette. Greater than 90% of cells are neurons, based
on the use of cell specific markers, and less than 5% are glial fibrillary acidic protein
(GFAP)-positive.

2.3. Isolation and amplification of dendritic RNA
RNA was harvested from transected dendrites of cultured hippocampal neurons. These
samples were pooled and linearly amplified as previously described (Eberwine, 1996).
Briefly, anti-RNA was amplified using oligo-dT-primers designed with an extended T7
RNA promoter at the 5′ end, followed by incubation with T7 RNA polymerase. RNA
products underwent reverse transcription using oligo-dT primers to derive the first strand
cDNA products, and then tested for the presence of specific gene products by PCR using
coding primers for each gene. The primer specificity was then verified with MacVector
software (Cary, NC).

2.4. Fluorescence in situ hybridization
Primary hippocampal neurons were washed twice in phosphate buffered saline (PBS) and
fixed in 4% paraformaldehyde (PFA) for 10 min. Cells were rinsed three times in Tris-
buffered saline and blocked in 5% normal goat serum and 0.1% Triton X-100 for 30 min. To
generate digoxigenin-labeled antisense and sense riboprobes, cDNA fragments of EAAC1
(GenBank accession number NM_013032, coding nucleotides 1092-1569), were synthesized
by PCR and cloned into the pBluescript SK vector (Clontech, Mountain View, CA).
Linearized plasmids served as templates for in vitro transcription using the digoxigenin
(DIG) RNA labeling Kit (Sp6/T7/T3) from Roche (Welwyn Garden City, UK) and
hybridized to fixed cultured neurons as described previously (Bassell et al., 1998). Sheep
anti-digoxigenin antibody (Invitrogen, 1:100) in blocking solution was added to the cells and
incubated overnight at 4°C. The cells were rinsed with blocking solution three times.
Fluorescein isothiocyanate (FITC)-labeled donkey anti-sheep IgG (1:1500; Jackson
ImmunoResearch Labs, West Grove, PA) was warmed to 37°C for 30 min and centrifuged
at 100 × g for 5 min to remove any precipitate; then the cells were incubated with secondary
antibody for 2 hr. A FITC labeled mouse anti-FITC antibody (1:2000; Jackson
ImmunoResearch Labs) was included to amplify the signal. For the immunolabeling of
Map2a or Tau-1, the incubation with primary monoclonal anti-Map2a (1:100) or Tau-1
(1:100) was followed by rhodamine-X labeled rabbit anti-mouse antibody (1:2000; Jackson
ImmunoResearch Labs). After three rinses with PBS, cells were post-fixed with cold
methanol for 8 min, and dried. Coverslips were mounted on glass slides with Vectashield
containing 4′,6-diamidino-2-phenylindole (Vector Laboratories, Burlingame, CA) and
sealed with clear nail polish.

2.5. Chemoconvulsant-Induced Seizure models
Adult male Sprague-Dawley rats (8 to 10 weeks) from Charles River (Malvern, PA) were
used for these studies. Animals were maintained for a minimum of two days for
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acclimatization in a temperature- and light-controlled environment in accordance with the
principles and procedures of the National Institutes of Health Guidelines for Care and Use of
Laboratory Animals. The experimental design was approved by the Institutional Animal
Care and Use Committee of the Children's Hospital of Philadelphia. Rats in the pilocarpine
model, (sham or seizure) were pretreated with an intraperitoneal (i.p.) injection of
scopolamine methyl nitrate (1 mg/Kg in sterile saline) to suppress peripheral cholinergic
effects. After 30 mins, rats were injected with pilocarpine hydrochloride to induce seizures
(385 mg/Kg, i.p.) or a 1/10 dose of pilocarpine (sham). In the kainate model, rats were either
injected with kainic acid (12 mg/Kg, i.p. in PBS) or vehicle (control). Animals were
continuously monitored after injection and seizures were classified using a previously
published behavioral scale (Racine, 1972). Within the first hour after injection,
approximately 80% of animals developed seizures evolving into recurrent generalized
convulsive seizures stage III-IV, defined as status epilepticus (SE). Approximately 20% of
the treated animals either did not seize or died within the first 3 hr and were not included in
the study. Animals were euthanized at different times after initiation of SE (3 or 6 hrs). Rats
were perfused transcardially with 0.1M PBS (pH 7.4) followed by 4% PFA in PBS under
deep anesthesia with ketamine/xylazine. Brains were extracted from the skull, post-fixed
with 4% PFA overnight, and then transferred to 30% sucrose/0.1M PBS at 4° C for
dehydration. Tissue was frozen and sectioned (10 ! m) using a Leica cryostat.

2.6. In situ hybridization (ISH)
Tissue sections were fixed for 30 min with 4% PFA in PBS and washed extensively with
PBS. Postfixed brain sections were washed in 1× PBS, and rehydrated sequentially in 100,
95, 70, 50% ethanol and 2× SSC (20× SSC containing 3.0M sodium chloride, 0.3M sodium
citrate buffer at pH 7.0). They were treated for 10 min at room temperature with 50! g/ml
proteinase K (Roche) in proteinase K buffer containing 5mM ethylenediaminetetraacetic
acid (EDTA), 50mM Tris-HCl, (pH 7.2) and reacted with acetic anhydride in 0.1M RNase-
free triethanolamine, pH 8.0. Then the brain sections were dehydrated using sequential
washes of 2× SSC containing 0, 50, 70, and 95% ethanol followed by 100% ethanol. Section
were first incubated for 30 min at 60° C in hybridization buffer composed of 50%
formamide, 5× SSC, 0.3mg/ml yeast tRNA, 100! g/ml heparin, 2× Denhardt's solution
(0.02% bovine serum albumin, 0.02% polyvinylpyrrolidone, and 0.02% Ficoll 400), 0.1%
Triton X-100, and 5mM EDTA. After size-reduction of the riboprobes to ∼0.1 kb with
alkaline hydrolysis, sections were incubated with 0.5-1 ! g/ml probes in hybridization
solution for 12-16 h at 60°C. After hybridization, the sections were sequentially washed in
2× SSC, 1× SSC, and 0.2× SSC for 10, 10, and 60 min at 37, 60, and 60°C. To remove
unmatched cRNA hybrids, the sections were incubated with RNase A (0.1! g/ml) in 1× SSC
30 min at 37°C followed by a wash with 0.2× SSC. After blocking with 20% heat-
inactivated sheep serum in PBS with Triton X-100 (PBS, 2mg/ml BSA, and 0.1% Triton
X-100) (PBT) for 3 h at room temperature, sections were incubated overnight at 4° C with
preabsorbed anti-digoxigenin antibody coupled to alkaline phosphatase (AP) (Roche,
Indianapolis, IN, USA) diluted 1:3000 in blocking solution. Sections were washed in PBT
and AP buffer (100mM Tris, pH 9.5, 50mM MgCl2, 100mM NaCl, and 0.1% Triton X-100)
and then visualized after reacting with nitroblue-tetrazolium-chloride (1μg/ml) and 5-
bromo-4-chlor-indolyl-phosphate (3.5! l/1ml) in the dark for 8-10 hr.

2.7. Immunofluorescent and brightfield microscopy
Slides were examined by confocal microscopy with a Leica Inverted DM IRE2 HC fluo
TCS 1-B-UV microscope coupled to a Leica TCS SP2 spectral confocal system/UV (Exton,
PA). Immunostained cultures were sectioned optically at 0.5 ! m intervals with a 64× oil
objective; these sections were assembled as Z-stacks. Sections through the center of the cell
were identified by examining the optical cross-section of the DAPI nuclear staining. Some
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slides were examined with a Leica DMR epifluorescent microscope at 40× and 64×
magnifications, using an Orca digital camera (Hamamatsu Inc, Japan), and Openlab
software for analysis. In addition to using excess unlabelled probe or a sense probe,
appropriate omissions of primary and/or secondary antibody were used in every experiment
to confirm that the signals were dependent upon primary antibody and that the secondary
antibody was specific for the appropriate primary antibody.

2.8 Preparation of Synaptoneurosomes
Synaptoneurosomes were prepared as previously described (Hollingsworth et al., 1985). All
steps were conducted on ice or 4°C and all solutions were made under RNAase free
conditions using diethylpyrocarbonate-treated or nuclease-free water. Briefly, the dissected
hippocampus was gently homogenized at 4°C in 10 volumes of isolation media (0.32M
sucrose, 10 mM Tris-HCl, 1 mM EDTA). After a low speed centrifugation step to remove
cell bodies (P1), the resulting supernatant was centrifuged at 12,500 RPM for 20 min using a
Beckman JA-17 rotor. The resulting pellet (P2) was gently suspended in a small volume of
isolation media and then brought to 12% Ficoll. After layering 7% Ficoll over this solution,
followed by a layer of isolation media, the samples underwent ultracentrifugation at 27,000
RPM for 30 min using a Beckman SW-41ti. Synaptoneurosomes were isolated at the 7%/
12% interface and washed four times in isolation media. The final pellets containing
synaptoneurosome preparations were suspended (1 mL) in ice-cold aerated buffer
(containing (mM) 118 NaCl, 4.7 KCl, 1.2 MgSO4, 2.5 CaCl2, 1.53 KH2PO4, 212.7 glucose,
and 33 Tris-HCl, pH 7.4), supplemented with 30 U/ml human placental RNase inhibitor
(Amersham Biosciences, Uppsala, Sweden).

2.9 Western Blot Analysis
Equal amounts of protein from each sample were resolved on 8% SDS-polyacrylamide gels.
Proteins were transferred to polyvinylidene diflouride (PVDF) membranes and blocked with
Tris buffered saline containing (0.1%) Tween 20, and 1% nonfat milk. The blots were
probed with specific antibodies against histone H-3 antibody (Cell Signaling Technology)
followed by horseradish peroxidase-conjugated secondary antibodies (donkey anti-rabbit
IgG, Amersham Bioscience). Immunoreactive bands were visualized using enhanced
chemiluminescence according to the manufacturer's instructions (GE Healthcare UK limited,
Little Chalfont, UK) and captured on autoradiography Amersham Bioscience films.
Immunoreactivity was quantified using NIH Image J (National Institutes of Health,
Bethesda, MD) software (http://rsb.info.nih.gov/ij/).

3.0 Quantitative measurement of mRNAs by real-time PCR
The absolute levels of selected mRNAs were determined in subcellular fractions according
to manufacturer's instructions. RNA was isolated from the subcellular fractions using a
MicroRNA isolation kit (Ambion Austin, TX), and cDNA was produced from equal
amounts of RNA using random hexamers. Equivalent amounts of RNA and/or cDNA were
quantified using a NanoDrop ND-1000 spectrophotmeter (Wilmington, DE). Real-time PCR
was performed with primers designed by Applied Biosystems Taqman gene expression
assays. The crossing threshold (Ct) values for each dilution were plotted against the assigned
copy numbers. For the experimental sample, the relative copy number of the mRNA was
calculated using its Ct value and standard curve obtained for that mRNA using the same set
of primers. The list of Applied Biosystems Taqman gene expression assays tested are GluR2
(Gria2, Rn00568514_m1), HDAC3 (Rn00584926_m1), EAAC1 (SLC1A1,
Rn00564704_m1), CamKII! (Rn00563883_m1), and Cyclophilin A (PPIA,
Rn00690933_m1). Data are presented as the mean ± standard error of the mean and were
compared by ANOVA using a Bonferroni post hoc correction for multiple comparisons.
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3. Results
3.1. Amplification of EAAC1 mRNA from hippocampal dendritic samples by PCR

Two approaches were used to determine if EAAC1 mRNA might be localized to neuronal
dendrites in low-density hippocampal neuron-enriched cultures maintained in vitro. First,
dendrites were mechanically harvested and RNA was linearly amplified (see methods).
Products for EAAC1 were amplified from these specimens using two different pairs of
oligonucleotide primers (Fig. 1A & B). These products migrated to the same size as that
observed in a control specimen of RNA obtained from C6 glioma, a cell line that has been
previously shown to endogenously express EAAC1 (Dowd et al., 1996; Palos et al., 1996).
To provide confirmation of PCR products identity, all bands were sequenced and the
resulting sequences corresponded to those published. As predicted (Kacharmina et al., 2000;
Miyashiro et al., 1994), GluR2 mRNA was present in these samples (Fig. 1A). To reduce the
likelihood that the presence of EAAC1 mRNA was due to contamination with cell body
mRNA, we tested for the presence of the cell body specific mRNA, histone deacetylase-2
(HDAC2) (Zeng et al., 1998). Although the primers employed amplified a product of the
predicted size from a control mRNA specimen (from SHSY5Y cells), no product was
observed in the RNA samples generated from hippocampal dendritic aRNA samples (Fig.
1A). These cultures contain very few (<5%) glial fibrillary acidic protein (GFAP)-positive
cells, but it is still possible that astrocytic RNAs could contaminate these aRNA samples. To
rule out this possibility, GFAP-specific primers were used to test for the presence of GFAP
in these samples. Although a product for GFAP was amplified from mRNA harvested
cultures of astrocytes, no signal was detected in dendritic aRNA samples.

3.2. Analysis of EAAC1 mRNA distribution in low-density hippocampal neuronal cultures
using in situ hybridization

To further test for the presence of EAAC1 mRNA in dendrites, a digoxigenin labeled anti-
sense oligonucleotides complementary to the coding region of EAAC1 combined with anti-
digoxigenin antibodies were used to test for the presence of EAAC1 mRNA in low-density
neuron-enriched cultures. In these cultures, signal was observed in cell bodies and dendrites;
this was not observed in studies using a control probe (sense sequence) or in studies using
100-fold excess unlabeled probe (Fig. 2, top row). Based on bright field illumination, it
appeared that the signal was in both cell bodies and dendrites (data not shown). To confirm
this localization, we tested for co-localization of EAAC1 mRNA signal with the somato-
dendritic neuronal marker, microtubule associated protein-2 a (Map2a). In these studies,
clear staining for EAAC1 mRNA (green) was observed in processes that also stain for
Map2a protein (red) (Fig. 2, middle row). Furthermore, to confirm that the EAAC1 mRNA
signal was specific for only cell bodies and dendrites, and not axons, we tested for co-
localization of EAAC1 mRNA with the axonal marker, Tau-1. In these studies, EAAC1
mRNA and Tau-1 protein never co-localized (Fig. 2, bottom row). Together, these data
provide strong evidence that EAAC1 mRNA is localized in dendrites in vitro.

3.3 Distribution of EAAC1 mRNA in tissue sections from control animals or animals
injected with chemoconvulsants

In initial studies, the distribution of EAAC1 mRNA was examined in naïve control animals.
For these studies, digoxigenin-labeled anti-sense probes combined with alkaline
phosphatase-labeled anti-digoxigenin antibodies were used to test for the presence of
EAAC1 mRNA. Although a clear, specific signal for EAAC1 was observed in cell bodies,
signal for EAAC1 mRNA did not extend beyond the proximal dendrites.

Some mRNAs display a pronounced signal in dendrites after electrical activation such as
that observed with activity regulated cytoskeleton associated protein (Arc/Arc3.1) after
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induction of long-term potentiation (Steward et al., 2007) or brain-derived neurotrophic
factor (BDNF) after seizures (Tongiorgi et al., 2004) or BDNF and TrkB after depolarization
with high potassium (Tongiorgi et al., 1997). Therefore, the effects of seizures on the
distribution of EAAC1 mRNA were examined using the muscarinic agonist, pilocarpine to
induce status epilepticus (Gibbs et al., 1997). For these analyses, only animals that displayed
continuous recurrent stage III-IV seizures for 3 (or 6) hrs were tested for mRNA
localization. In coronal sections from sham animals, there was a strong signal in CA1
pyramidal cell bodies and a modest signal in proximal dendrites within the stratum radiatum
(SR) (Fig. 3); this distribution was indistinguishable from that observed in naïve animals
(not shown). Three hrs after induction of SE, there appeared to be an increase in total signal.
In these same animals, there was a clear, robust signal in CA1 pyramidal cell dendrites in
stratum radiatum, extending up to ∼200 ! m from the cell soma. In area CA3, labeling
projected into stratum lucidum (the terminal field of mossy fibers), with low levels of
labeling extending into distal dendritic laminar regions (data not shown). In the dentate
gyrus, labeling was limited to the granule cell bodies (not shown). Although a more
thorough time course for the effect was not examined, the dendritic signal was more modest
6 hr after induction of a seizure (Fig. 3). In these experiments, there was essentially no
labeling with the sense riboprobes or when 100× unlabeled antisense riboprobes was
combined with the labeled anti-sense probe, providing evidence that this signal is specific.
In both CA1 and CA3, seizures did not lead to labeling in the stratum oriens, which contains
both the basal dendrites and axons of these pyramidal neurons. Although the processes of
pyramidal cells in the cortex are not organized in lamellae like those observed in stratum
radiatum of the hippocampus, EAAC1 mRNA was also observed in processes of cells in the
cortex of animals that experienced a seizure and not sham animals (data not shown). We
also examined the effects of 3h of status on EAAC1 protein in total hippocampus and
observed an increase to 122 ± 4% (n= 7 independent experiments, p<0.05) as observed by
Western blot. There was no change in actin observed in these same experiments.

These studies suggest that seizures increase the transport of EAAC1 mRNA into dendrites
(or the unmasking of mRNA signal), but one cannot exclude the possibility that muscarinic
receptor activation, independent of seizures, is sufficient to increase the signal for EAAC1
mRNA. Therefore, the distribution of EAAC1 mRNA was also examined in animals treated
with a mechanistically distinct chemoconvulsant, kainic acid, which activates a subtype of
glutamate receptor (Simantov et al., 1999). Although the signal was not quite as robust as
that observed with pilocarpine, a specific signal for EAAC1 mRNA was observed in
dendrites after a kainate-induced seizure. This signal extended ∼100 μm from the CA1
pyramidal cells (Fig. 4). Interestingly, labeling was not increased in other hippocampal
subfields (data not shown).

Animals subjected to an acute chemoconvulsant dose of pilocarpine experience a latent
period of no seizures lasting several days and then start to experience spontaneous seizures.
This has been used as a model of temporal lobe epilepsy (Gibbs et al., 1997). To determine
if the increase in EAAC1 mRNA signal is only present after an acute chemoconvulsant-
induced seizure, a subset of animals were allowed to develop spontaneous seizures and
tested for the presence of dendritic EAAC1 mRNA. Three hrs after a spontaneous seizure
stage III or greater, as identified by behavioral criteria using video recording, a specific
signal was observed in dendrites (Fig. 5). We did not attempt to determine if dendritic
EAAC1 mRNA was observed in animals that were free of behavioral seizures for 24 hrs
because video monitoring is not sufficiently sensitive to rule out sub-convulsive
electrographic seizures. These studies show spontaneously epileptic animals have higher
levels of dendritic EAAC1 mRNA.
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3.4. Pilocarpine-induced seizure increase EAAC1 mRNA levels in synaptoneurosomes and
soma

To determine if this seizure-induced increase in dendritic targeting of EAAC1 mRNA might
be a more generalized phenomenon and to reduce the likelihood that the increase in signal
might simply be related to increased detection by in situ, rather than an increase in mRNA
per se, quantitative real-time PCR was used to analyze the relative mRNA levels in soma
and synaptoneurosomes obtained from hippocampi of sham and pilocarpine-treated animals
(3 hr of recurrent SE). The levels of GluR2 and calmodulin kinase 2 (CamK2α) were
examined in parallel, as it is generally accepted that both of these mRNAs are found in
dendritic compartments (for reviews, see Smith, 2004; Steward and Schuman, 2003).
Histone deacetylase-3 (HDAC3) and cyclophilin A (PPIA) were also examined. As might be
predicted, the levels of all of these mRNAs were higher in the subcellular fraction that is
enriched in cell soma than in the synaptoneurosome fraction; however the relative
enrichment of HDAC3 mRNA was roughly 3-fold higher than that observed for the other
mRNAs (Table 1). The relative amounts of GluR2 and CamK2! mRNA are consistent with
the literature (Poon et al., 2006; Zhong et al., 2006). The levels of HDAC3 and PPIA
mRNAs were unchanged following acute seizures, the levels of GluR2 mRNA were
significantly elevated in the synaptoneurosomes, and the levels of EAAC1 and CamK2α
mRNA were significantly increased in both fractions after a seizure (Fig. 6). The data were
normalized to the average values obtained in sham animals and changes for each mRNA
were compared in the fractions enriched in soma and synaptoneurosomes. EAAC1 mRNA
was the only mRNA to increase significantly more in the synaptoneurosome fraction than in
the soma/cell body fraction following SE.

To test the relative contamination of the synaptoneurosome fractions with cell nuclei, we
examined the distribution of the nuclear protein, histone H3. The following fractions were
analyzed and probed on western blots: total hippocampal lysate, P1 soma fraction, P2 crude
synaptoneurosome fraction, and P3 purified synaptoneurosome fraction (Fig. 7). There was
a robust immunoreactive band for this histone H3 protein in hippocampal lysates and for the
P1 fractions obtained during the subcellular fractionation procedure when less than 0.1% of
the total preparation was loaded on a western blot. Even when 20% of the total
synaptoneurosome P3 fraction was loaded onto a western blot, histone H3 protein was not
detected. These studies provide strong evidence that these synaptoneurosomes are at most,
minimally contaminated with cell bodies/nuclei.

4. Discussion
EAAC1 protein has been found in peri-synaptic regions by immunogold labeling combined
with electron microscopy (He et al., 2000; He et al., 2001). Although Cheng and colleagues
demonstrated that carboxyl terminal amino acid motif of EAAC1 is necessary for dendritic
sorting and conferred partial dendritic sorting to a glutamate transporter that was not
normally preferentially sorted to dendrites (Cheng et al., 2002), it seemed reasonable that
EAAC1 mRNA might also be targeted to dendrites and contribute to polarized sorting.
mRNAs for other gene products linked to synaptic plasticity have been found in dendrites
(see introduction). Therefore in the present study, we tested for the presence of EAAC1
mRNA in dendrites to better understand the mechanisms that might control EAAC1
expression and localization. We found that EAAC1 mRNA can be amplified from dendritic
samples harvested from primary hippocampal cultures. Furthermore, a specific EAAC1
mRNA signal was identified in Map2a-positive processes, but not in processes that are
Tau-1-positive by in situ hybridization. Together, these data suggest that mRNA for EAAC1
is actively targeted to dendrites close to synapses and a potential source for EAAC1 protein
production.
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Although EAAC1 mRNA was observed in proximal dendrites of some CA1 pyramidal cell
dendrite in naïve (see Fig. 5 for an example) or sham control animals, a robust signal was
observed in dendrites of animals injected with either pilocarpine or kainate to induce SE.
Similar seizure-induced increases are also observed for brain-derived neurotrophic factor
(BDNF) (Tongiorgi et al., 2004), Arc/Arg 3.1 (Akiyama et al., 2008), and matrix
metalloproteinase-9 (Konopacki et al., 2007). This suggests that the transport of a subclass
of dendritically targeted mRNA might be regulated by activity/depolarization. Since we
found no evidence for an increase in CAMKIIα and others have found no increase in TrkC
(Tongiorgi et al., 2004), this implies that depolarization selectively increases dendritic
localization of subsets of mRNAs.

This localization of EAAC1 mRNA to dendrites implies that proteins bind to EAAC1
mRNA to both facilitate trafficking and to control translation (for discussions, see Bear et
al., 2004; Job and Eberwine, 2001; Smith, 2004; Wang and Tiedge, 2004). A wide range of
proteins bind to dendritically targeted mRNAs, such as heterogenous nuclear
ribonucleoproteins (hnRNPs), cytoplasmic polyadenylation element binding protein, and
fragile X mental retardation protein (for discussions, see Darnell et al., 2001; Huang et al.,
2003; Kelleher and Bear, 2008; Steward and Schuman, 2003). At present, it is not clear
which if any of these proteins bind to EAAC1 mRNA. In many cases, the 3′ non-coding
region contributes to dendritic sorting of mRNAs (for recent discussions, see Andreassi and
Riccio, 2009; Smith, 2004). Again, this has not been examined for EAAC1, however, it is
interesting to note that two independent studies have associated single nucleotide
polymorphisms (SNPs) in the 3′ non-coding region of EAAC1 with obsessive compulsive
disorder (OCD) in males (Arnold et al., 2006; Dickel et al., 2006). It will be interesting to
determine if these SNPs regulate either targeting or regulated translation of EAAC1. In
unpublished studies, we have found that incubation of synaptoneurosomes prepared from
sham or pilocarpine-injected animals with the Group 1 mGluR agonist,
dihydroxyphenylglycine, increases EAAC1 protein levels (Ross et al., unpublished). The
increase in EAAC1 protein is much greater in synaptoneurosomes prepared from pilocarpine
treated animals and is blocked by two different inhibitors of translation, but not by inhibitors
of transcription. Together, these studies suggest that translation of EAAC1 may also be
regulated in dendrites, especially following a seizure.

Several other studies have examined the relationship of glutamate transporters to seizure
disorders. In fact, genetic deletion of GLT-1 (EAAT2) causes seizures (Tanaka et al., 1997).
Although mice genetically deleted of EAAC1 do not appear to express any overt behavioral
manifestations of seizures (Peghini et al., 1997), chronic intraventricular administration of
oligonucleotides to knock down expression of EAAC1 cause a seizure phenotype that
initially involves facial twitches and freezing but then progresses to tonic forepaw extension
and clonic seizures (Rothstein et al., 1996). The levels of EAAC1 mRNA and protein have
been examined in several studies using animal models or tissue (post-mortem or surgical
resections) from humans with various epilepsies (for review, see Sheldon and Robinson,
2007). While many of these studies have reported increases in EAAC1 protein and/or
mRNA (Crino et al., 2002; Miller et al., 1997; Proper et al., 2002; Ueda et al., 2001;
Voutsinos-Porche et al., 2006), others have documented either no change or decreases
(Ghijsen et al., 1999; Simantov et al., 1999). Some of these differences are invariably related
to the fact that some of these agents cause cell death (e.g. kainate) that ultimately results in a
decrease in EAAC1 protein (Simantov et al., 1999). Overall, these studies are consistent
with our observed increases in EAAC1 mRNA. Interestingly kainate stimulates endocytosis
of EAAC1 and subsequent lysosomal degradation (Yu et al., 2006). It is not known if
pilocarpine has a similar effect, but it would interesting the study the dynamics of changes in
mRNA relative to this internalization. If degradation precedes the increases in mRNA, it is
possible that EAAC1 becomes limiting under these conditions. Based on functions
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associated with EAAC1 (see introduction), it is possible that the seizure-induced increases in
targeting and regulated translation of EAAC1 may provide a mechanism to dampen
excitability by clearing excitatory neurotransmitter or to limit oxidant damage by increasing
cysteine uptake for glutathione synthesis.

In summary, these studies provide the first evidence that EAAC1 mRNA can be found in
dendrites in vitro and in vivo and that EAAC1 mRNA increases in dendrites of hippocampal
pyramidal cells following an acute prolonged seizure and in chronically epileptic animals.
Neuronal activity appears to increase EAAC1 mRNA production and targeting to dendrites.
Furthermore, these studies suggest that both protein targeting (Cheng et al., 2002) and
mRNA targeting may provide complementary mechanisms for sorting of EAAC1 to the
dendritic compartment of neurons.

Research Highlights

• EAAC1 mRNA is observed in hippocampal neuronal dendrites in vitro

• EAAC1 mRNA is observed in dendrites in vivo

• Pilocarpine-induced seizures increase dendritic localization of EAAC1 mRNA

• Kainate-induced seizures increase in dendritic localization of EAAC1 mRNA
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Figure 1. PCR Amplification of mRNAs in isolated dendrites from primary hippocampal
neuronal cultures
Dendritic samples were isolated from cultured hippocampal neurons and linearly amplified.
A. RT-PCR (reverse transcriptase-PCR) was used to amplify EAAC1, HDAC2, and GluR2.
Histone deacetylase 2 (HDAC2) mRNA (a soma-localized mRNA) was used as negative
control and was not found in these samples. Using the same protocols, mRNA prepared
from the C6 glioma and SH-SY5Y cell lines were used as controls to verify the EAAC1,
GluR2, and HDAC2 primers. Note: the primers used to amplify HDAC2 were designed to
work with either rodent or human sequences. B. Using a different set of primer oligos,
EAAC1 was detected in the hippocampal dendrites and glial fibrillary acidic protein (GFAP)
was not found. GFAP (a glial mRNA) was obtained from astrocyte cultures and used as
negative control to determine if the samples were contaminated with glial elements. All
bands were extracted and sequenced to confirm identity. This experiment was repeated in an
independent sample.
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Figure 2. In Situ analyses of EAAC1 mRNA in primary hippocampal neuronal cultures and co-
localization with neuronal markers
Top row: RNA-RNA in situ hybridization was used to probe for EAAC1 mRNA in
dendrites of hippocampal neurons maintained in culture. Sheep anti-digoxigenin antibody
and donkey anti-sheep-FITC were used to detect digoxigenin-labeled EAAC1 riboprobes.
No signal was observed in sense controls or in experiments with anti-sense and 100×
unlabeled riboprobe. Middle row: Analysis of co-localization of EAAC1 mRNA (antisense
EAAC1) and Map2a. Mouse anti-Map2ab antibody and goat anti-mouse-rhodamine-X were
used to determine if the dendritic marker, Map2a, co-localized with EAAC1 mRNA. The
signals for both EAAC1 and Map2a overlap in some of the same processes (yellow-orange).
The scale bars represent 50 μm. Bottom row: Distribution of EAAC1 mRNA (antisense
EAAC1) and Tau-1 protein. Mouse anti-Tau antibody and goat anti-mouse rhodamine-X
were used to determine if EAAC1 mRNA co-localizes with Tau. The signals for Tau protein
and EAAC1 mRNA never overlapped in the same processes. All of the data presented in this
figure is representative of at least 3 independent experiments.
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Figure 3. Analysis of EAAC1 mRNA distribution in hippocampus of control (sham) and
pilocarpine-treated animals
RNA-RNA in situ hybridization with alkaline phosphatase was used to detect EAAC1
mRNA in coronal sections through the hippocampus. This figure shows EAAC1 mRNA
signal in the occasional proximal dendrite (10-20 μm) in sham animals (top row). After
pilocarpine-induced seizures, EAAC1 mRNA was detected in CA1 pyramidal cell dendrites
up to ∼200 μm from the soma. This EAAC1 mRNA signal decreases at 6 h after the onset of
SE. These processes are morphologically consistent with dendrites (note there was no
evidence of signal projecting into stratum oriens). This result is representative of at least
three independent experiments. The scale bar in the lower left panel represents 100 μm.
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Figure 4. Analysis of EAAC1 mRNA distribution in hippocampus of control (sham) and kainate-
treated animals
RNA-RNA in situ hybridization with alkaline phosphatase was used to detect EAAC1
mRNA in coronal sections through the hippocampus. This figure shows EAAC1 mRNA
signal extending from the cell bodies of CA1 pyramidal cells into the dendritic areas within
the stratum radiatum (SR) 3 hr or 6 hr after the induction of kainate-induced seizures. This
result is representative of three independent experiments. The scale bar in the lower left
panel represents 100 μm.
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Figure 5. Analysis of EAAC1 mRNA distribution in hippocampus of control (sham) and
spontaneous seizure animals
RNA-RNA in situ hybridization with alkaline phosphatase was used to detect EAAC1
mRNA in coronal sections through the hippocampus. This figure shows EAAC1 mRNA
signal extending from the cell bodies of CA1 pyramidal cells into the dendritic areas 3 hr
after a spontaneous seizure class IV-V. This result is representative of three independent
experiments. The scale bar in the lower left panel represents 100 μm.
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Figure 6.
Quantitative analysis of EAAC1 and other mRNAs in cell body and synaptoneurosome
subcellular fractions obtained from control (sham) or pilocarpine-treated animals. Three hrs
after induction of seizures with pilocarpine, hippocampi were harvested from sham or
pilocarpine-treated animals. After homogenization and subcellular fractionation, quantitative
PCR was used to measure the levels of HDAC3, cyclophilin A (PPIA), GluR2, EAAC1, and
CamK2 mRNAs. The levels of mRNA in each specimen were analyzed twice and averaged.
Data represent the mean ± SE of six animals. The absolute levels of each mRNA measured
in the pilocarpine-treated animals was compared to those obtained in sham animals by
ANOVA with Bonferroni correction. * indicates a P < 0.05, ** indicates a P < 0.01, and ***
indicates a P < 0.001. After the data were normalized to the mean sham values, the changes
observed in synaptoneurosomes were compared to the changes in the soma fraction by
ANOVA with Bonferroni correction. ††† indicates a P < 0.001 compared to the change
observed in soma. No other changes were significantly different in the two fractions.
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Figure 7. Analysis of Histone H3 levels in subcellular fractions obtained from control (sham) and
pilocarpine-treated animals
During the subcellular fractionation the different fractions were collected, analyzed for
protein, and resolved by SDS-PAGE electrophoresis. The amounts of histone H3 protein
were examined in lysates, P1 (should contain intact cell bodies/nuclei), P2 (myelin,
mitochondria, and synaptoneurosomes), and P3 (synaptoneurosomes used in these analyses).
These studies show that the synaptoneurosomes are relatively free of the nuclear protein,
histone H3. This analysis is representative of three independent experiments.
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Table 1
Levels of mRNAs found in soma and synaptoneurosomes of hippocampi from sham
animals

mRNA Soma Synaptoneurosome Ratio Soma/Synapto.

HDAC3 0.45 ± 0.08 0.030 ± 0.007 15

PPIA 0.71 ± 0.12 0.140 ± 0.016 5.1

GluR2 1.93 ± 0.06 0.317 ± 0.027 6.1

EAAC1 3.07 ± 0.47 0.587 ± 0.040 5.2

CamK2α 2.87 ± 0.32 0.761 ± 0.098 3.8

The levels of various mRNAs were analyzed by quantitative PCR from fractions obtained after subcellular fractionation as described in the
methods. The samples from each animal was analyzed twice; these values were averaged. Data presented are the mean ± SEM from six different
animals.
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