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Abstract
Outside of Fragile X syndrome (FXS), the role of Fragile-X Mental Retardation Protein (FMRP)
in mediating neuropsychological abnormalities is not clear. FMRP, p70-S6 kinase (S6K) and
protein phosphatase 2A (PP2A) are thought to cooperate as a dynamic signaling complex. In our
prior work, adult rats have enhanced CA1 hippocampal long-term depression (LTD) following an
early life seizure (ELS). We now show that mGluR-mediated LTD (mLTD) is specifically
enhanced following ELS, similar to FMRP knock-outs. Total FMRP expression is unchanged but
S6K is hyperphosphorylated, consistent with S6K overactivation. We postulated that either
disruption of the FMRP-S6K-PP2A complex and/or removal of this complex from synapses could
explain our findings. Using subcellular fractionation, we were surprised to find that concentrations
of FMRP and PP2A were undisturbed in the synaptosomal compartment but reduced in parallel in
the cytosolic compartment. Following ELS FMRP phosphorylation was reduced in the cytosolic
compartment and increased in the synaptic compartment, in parallel with the
compartmentalization of S6K activation. Furthermore, FMRP and PP2A remain bound following
ELS. In contrast, the interaction of S6K with FMRP is reduced by ELS. Blockade of PP2A results
in enhanced mLTD; this is occluded by ELS. This suggests a critical role for the location and
function of the FMRP-S6K-PP2A signaling complex in limiting the amount of mLTD.
Specifically, non-synaptic targeting and the function of the complex may influence the “set-point”
for regulating mLTD. Consistent with this, striatal-enriched protein tyrosine phosphatase (STEP),
an FMRP “target” which regulates mLTD expression, is specifically increased in the
synaptosomal compartment following ELS. Further, we provide behavioral data to suggest that
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FMRP complex dysfunction may underlie altered socialization, a symptom associated and
observed in other rodent models of autism, including FXS.
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Introduction
Early life seizures (ELS) have been independently associated with adverse developmental
outcomes that include intellectual disability (ID) and autism (McBride et al., 2000;Ortibus et
al., 1996;Miller et al., 2002;Saemundsen et al., 2007). While possibly a proxy for other brain
injuries, the odds-ratio of autism is 3-fold higher in pre-term infants with seizures
(Buchmayer et al., 2009). Despite their association, seizures and/or epilepsy are not a clearly
defined cause of ID and autism (Tuchman et al., 2009). Mutations in the FMR1 gene result
in loss of function of the Fragile-X Mental Retardation Protein (FMRP) and are linked to ID
and autism in Fragile X Syndrome (FXS). In FXS, the presence of seizures is associated
with a greater risk for autism (Hagerman et al., 2010). Outside of FXS, the role of FMRP
function in mediating autism and or ID is not clear. Postmortem studies in individuals with
idiopathic autism may link dysregulation of FMRP expression with seizures (Fatemi and
Folsom, 2011). A genetic study of idiopathic autism has implicated FMRP-associated genes
(Iossifov et al., 2012). However, the links between early-life seizures, idiopathic ID/autism
and FMRP remain circumstantial.

In adult rodents, long-term depression (LTD) is primarily induced through activation of
mGluRs (Gladding et al., 2009;Luscher and Huber, 2010). Synaptically localized (Stefani et
al., 2004) and phosphorylated FMRP acts as a negative regulator of translation under basal
conditions (Narayanan et al., 2007;Bassell and Warren, 2008). In current schema, mGluR-
mediated signaling first leads to activation of PP2A and dephosphorylation of FMRP
(activating translation) while further mGluR-mediated activation (via AKT) secondarily
leads to re-phosphorylation of FMRP via p70-S6 kinase (S6K) (stalling translation) (Ceman
et al., 2003;Narayanan et al., 2007;Bassell and Warren, 2008;Narayanan et al., 2008).
Hyperactivation of S6K via AKT is suggested in loss of FMRP (Sharma et al., 2010) (but
see (Hu et al., 2008)). FMRP activity may be further mediated by the dynamic binding
interactions of FMRP, PP2A and S6K (Narayanan et al., 2008). Blockade of PP2A and/or
protein phosphatase 1 (PP1) results in exaggerated mLTD (Schnabel et al., 2001). However,
a recent report suggests PP2A blockade transiently reduces mLTD (Niere et al., 2012).
mLTD induction is critically dependent on protein synthesis (Huber et al., 2000). mLTD
becomes protein synthesis independent or saturated (Osterweil et al., 2010) with complete
genetic loss of FMRP resulting in enhanced mLTD (Nosyreva and Huber, 2006;Volk et al.,
2007)). However, with only modest reductions of FMRP expression, mLTD remains
enhanced and dependent on protein synthesis{20459}. Synthesis of striatal enriched protein
tyrosine phosphatase (STEP) is controlled by FMRP (Darnell et al., 2011); synthesis and
activation of STEP leads to dephosphorylation of synaptic AMPAR that triggers their
removal to mediate mLTD expression (Moult et al., 2006;Zhang et al., 2008).

Previously we reported non-specific enhancement of LTD in adult rats following ELS,
without changes in hippocampal cytoarchitecture or baseline synaptic functions (Cornejo et
al., 2007). We now show that the enhanced LTD following ELS is specific for mLTD. We
demonstrate that the FMRP-S6K-PP2A signaling complex is disrupted by ELS. Blockade of
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PP2A results in enhanced mLTD; this is occluded by ELS. Further, STEP expression is
enhanced post-synaptically by ELS, altering the “set point” for mLTD expression.
Previously we reported alterations in working memory (Cornejo et al., 2007;Cornejo et al.,
2008) and exaggerated fear conditioned responses (Cornejo et al., 2008). We now show
abnormal social interaction, a symptom associated with autism. Thus, we link ELS with
FMRP dysfunction that may underlie other mechanisms of ID with autism features outside
of genetic loss of FMRP in FXS.

Materials and Methods
Animals

All studies conformed to the requirements of the National Institutes of Health Guide for the
Care and Use of Laboratory Animals and were approved by the Institutional Animal Care
and Use subcommittee of the University of Colorado Health Sciences Center. Timed-
pregnant Sprague Dawley rats (Charles Rivers Labs, Wilmington, MA) gave birth in-house.
Background (FVB.129P2-Pde6b<+> Tyr<c-ch>/AntJ) and FMR1KO (FVB.129P2-Pde6b<
+> Tyr<c-ch> Fmr1<tm1Cgr>/J) mice were obtained from Jackson Laboratory (Bar Harbor,
ME). All rodents were housed in micro-isolator cages with water and chow available ad
libitum.

Seizure Induction
Kainic acid (KA), a fixed glutamate analog (Dingledine et al., 1999), was used to induce
temporal-lobe seizures (Tremblay et al., 1984) as done in previous studies(Cornejo et al.,
2007;Cornejo et al., 2008). Male rat pups were subcutaneously injected with KA (2 mg/kg;
Tocris, Ellisville, MO) on P7 (P0 defined as the date of birth) resulting in discontinuous
behavioral and electrical seizure activity lasting up to three hours(Dzhala et al., 2005).
Mortality was less than 3%. Onset of seizure activity occurred within 30 min of injection
and was characterized by intermittent myoclonic jerks, generalized tonic-clonic jerks,
scratching, “swimming”, and “wet-dog shakes.” Control male rat pups were injected with an
equivalent volume of 0.9% saline. Male pups were chosen in order to eliminate the effects of
hormonal cycles on behavior. Rats were then tagged with a microchip (Avid Identification
Systems, Norco, CA) so that experimenters remained blinded to the treatment. Offspring
were returned to their dam after observable seizure activity ceased. Rats were weaned and
separated according to gender at P20–22. At P60–80 (unless otherwise indicated), video-
EEG, behavioral, immunocytochemical, electrophysiological and biochemical analyses were
undertaken with male rats.

Video-EEG monitoring
As described previously(Raol et al., 2006), P60–80 male rats were anesthetized with
ketamine (100 mg/kg) and xylaxine (15 mg/kg), followed by continuous isoflurane (1–4%)
and placed in a stereotaxic frame (David Kopf Instruments, Tujunga, CA). Four saline
injected controls and 6 ELS rats were implanted with an electrode in frontal cortex (from
bregma, AP 2.0 mm, ML 3 mm) and bilateral CA1 of hippocampi (from bregma, AP −3.3
mm, ML 2.0 mm, DV 2.6 mm) for combined intracranial electroencephalography (EEG)
and video monitoring (Pinnacle Systems, Lawrence, KS). After 1 week recovery, rats were
monitored continuously, 24h/d, for 5–17 days.

Hippocampal Slice Preparation and Electrophysiology
As done previously(Cornejo et al., 2007), following rapid decapitation and removal of the
brain, sagittal hippocampal slices (400 µm) were made using a vibratome (Vibratome, St
Louis, MO) in ice-cold sucrose artificial cerebral spinal fluid (sACSF: 206 mM sucrose, 2.8
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mM KCl, 1 mM CaCl2, 3 mM MgSO4, 1.25 mM NaH2PO4, 26 mM NaHCO3, 10 mM D-
glucose and bubbled with 95%/5% O2/CO2) (Kuenzi et al., 2000). Following removal of
CA3, slices were recovered in a submersion type chamber perfused with oxygenated
artificial cerebral spinal fluid (ACSF: 124 mM NaCl, 3 mM KCl, 1 mM MgSO4, 2 mM
CaCl2, 1.2 mM NaH2PO4, 26 mM NaHCO3, 10 mM D-glucose and bubbled with 95%/5%
O2/CO2) at 28°C for at least 90 min and then submerged in a recording chamber perfused
with ACSF. All electrophysiology was performed in the CA1 region at 28°C. Two twisted-
tungsten bipolar stimulating electrodes were offset in the CA1 to stimulate two independent
Schaffer collateral-commissural pathways using a constant current source (WPI, Sarasota,
FL) with a fixed duration (20 µs), each at a rate of 0.033 Hz. Field excitatory post-synaptic
potentials (fEPSPs) were recorded from the stratum radiatum region of CA1 using a
borosilicate glass (WPI, Sarasota, Fl) microelectrode (pulled (Sutter, Novato, CA) to 6 to 9
MΩ when filled with 3M NaCl), amplified 1000× (WPI, Sarasota, Fl and Warner, Hamden,
CT), and digitized (National Instruments, Austin, Texas) at 10 kHz using winLTP-version
2.4(Anderson and Collingridge, 2001) to follow fEPSP slope (averaged over 4 EPSPs),
measured using 20% to 80% rise times, expressed as percent of baseline, during the course
of an experiment. In order to be sure only “healthy” slices were included in our studies,
responses had to meet several criteria: fiber volleys less than 1/3 of response amplitude and
peak responses larger than 0.6 mV; responses and fiber volley must be stable (<5% drift). In
the presence of D-APV (50 µM, Tocris, Ellisville, MO) and following baseline stabilization
of fEPSP slope at approximately 75% of maximal slope for at least 30 min, mLTD was
induced in one pathway (900 paired-pulse stimuli at 1 Hz with 50 ms inter-pulse interval,
SPP-LFS). In some experiments, chemical mLTD was induced (DHPG × 100 µM × 10
mins) 60 minutes later to both pathways (naïve and prior electrical LTD). Dead volume was
kept to a minimum (9–10 mL) and flow rate was always tightly controlled (2–3 mL/min). D-
APV was omitted only in the experiment to minimize mLTD; LTD was induced with 900
paired-pulse stimuli at 1 Hz with 200 ms inter-pulse interval (LPP-LFS)(Kemp et al., 2000).
It has been demonstrated in rats that using 50 ms inter-pulse interval facilitates mLTD, while
a 200 ms interval favors NMDAR mediated LTD (Kemp et al., 2000). Where indicated,
slices were incubated in anisomycin (20 µM for one hour prior to and during recording,
Tocris, Ellisville, MO), cycloheximide (60 µM for 30 min prior to and during recording,
Tocris, Ellisville, MO) or okadaic acid (3 nM for 30 min prior to and during recording,
Tocris, Ellisville, MO).

Western blotting
Hippocampal slices were prepared and recovered as for electrophysiology with the addition
of cuts to isolate CA1 from the remaining hippocampus; after recovery, the slices were
suspended in STE buffer, sonicated, boiled for 5 minutes and then frozen until further use.
In order to minimize the effects of slice preparation(Osterweil et al., 2010) and to control for
slice quality, only slices that came from a preparation that met electrophysiological criteria
were used. All concentrations were quantified with BCA and then loaded in duplicate on
10% polyacrylamide gel and a five-point dilution series of naive rat hippocampal
homogenate was included on each gel as a standard curve for quantification of
immunoreactivity/µg loaded protein(Grosshans and Browning, 2001). Following transfer to
PolyScreen PVDF transfer membrane (Genie, Idea Scientific Company, Minneapolis, MN,
USA), blots were blocked in BSA or Carnation nonfat dry milk for 1 h and incubated either
1h at room temperature or overnight at 4°C with antibodies (Table 1). Blots were then
subjected to three 10-min washings in Tris-buffered saline (140 mm NaCl, 20 mm Tris pH
7.6) plus 0.1% Tween 20 (TTBS), before being incubated with anti-mouse or anti-rabbit
secondary antibody (1:5000) in 1% BSA or milk for 1 h at room temperature, followed by
three additional 10-min washes preformed with TTBS. Immunodetection was accomplished
using a chemiluminescent substrate kit (SuperSignal West Femto Maximum Sensitivity
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Substrate; Pierce) and the Alpha Innotech (Alpha Innotech, San Leandro, CA, USA)
imaging system. Quantification was performed using AlphaEase software (Alpha Innotech,
San Leandro, CA, USA) and Excel (Microsoft, Redmond, WA, USA). Immunoreactivity
was reported as the density of sample bands relative to the standard curve. For phospho-
proteins, ratios of immunoreactivity/µg to totals are reported without standardization. Only
values falling within the standard curve generated from the dilution series included on each
gel were incorporated into the final analysis. Some of the blots were then stripped (Restore
PLUS Western Blot Stripping Buffer; Thermo Scientific, Rockford, IL) and reblotted if
needed.

Subcellular fractionation
Hippocampal slices were prepared and recovered as for electrophysiology and western
blotting with the addition of cuts to isolate CA1 from the remaining hippocampus; after
recovery, slices were placed in ice-cold buffered sucrose solution (50µL per slice)
containing 320mM sucrose, 10mM Tris (pH 7.4), 40mM NaF, 300 nM okadaic acid, 1mM
EDTA and 1mM EGTA. Slices were immediately homogenized in a glass grinding vessel
by Teflon pestle rotating at 1000 RPM. Homogenates were then centrifuged at 1000×g for
10min. The pellet (P1), which contains nuclei and incompletely homogenized cells, was
suspended (200µL 1× STE), sonicated and boiled for 5min at 100°C. The supernatant (S1)
was centrifuged at 10,000×g for 15min. The pellet (P2), which contains synaptosomal
plasma membrane, was suspended in 50 µL of 1× STE, sonicated and boiled. The
supernatant (S2), which contains the soluble fraction, was precipitated with cold Acetone
(4×) for at least 12h at −20°C, centrifuged at 15,000×g for 10min, air dried, suspended in
30µL of 1× STE, sonicated and boiled. Protein concentrations were quantified with BCA
and then kept frozen until further semi-quantitative analysis as performed for western
blotting.

Immunoprecipitation
Hippocampal slices were prepared and recovered as for electrophysiology and western
blotting with the addition of cuts to isolate CA1 from the remaining hippocampus; after
recovery, slices were placed in ice-cold buffer (450µL) containing 10mM HEPES pH 7.4,
200mM NaCl, 20mM NaF, 0.5% TritionX-100, 300 nM okadaic acid, 30mM EDTA and
protease inhibitor cocktail (#78410, Thermo Scientific, Rockford, IL). All manipulations
were performed at 4°C or on ice. The slices were immediately homogenized in a glass
grinding vessel by Teflon pestle rotating at 1000 RPM. Homogenates were then centrifuged
at 3000×g for 10min; the pellet was washed with 450µL of buffer and re-pelleted.
Supernatants were pooled and clarified at 70,000×g for 30min. The resulting supernatant
was pre-cleared for one hour with 50µl MagnaBind protein G beads (# 21349, Thermo
Scientific, Rockford, IL). Protein concentrations were quantified with BCA; 500µg of total
protein was then immunoprecipitated with anti-FMRP 7G1–1 mAb (Developmental Studies
Hybridoma Bank) conjugated to 50ul of Protein G beads overnight at 4°C. Beads were
washed 3× in binding buffer (100mM Na2HPO4 pH 5.5, 150mM NaCl), re-suspended in
50µl of 4× loading buffer and further semi-quantitative analysis was performed as for
western blotting.

Generation and characterization of phosphorylated FMRP antibody
Phosphorylated-FMRP antibody (6058) was generated by immunization of rabbits with a
peptide corresponding to amino-acids 483 to 521 of FMRP which included the primary
phosphorylation site S499(Ceman et al., 2003) (PhosphoSolutions, Aurora, CO).
Hippocampal slices, prepared as above, were treated with DHPG (100 µM × 30 mins) or
control and then subjected to westernblot analysis. For phosphatase treatment, control slices
were sonicated in lysis buffer (1% NP40, 10mM Tris/ HCl (pH 7.4), 1mM EDTA, 100mM
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NaCl). 750 µl (protein concentration ～2.0 mg/ml) of each sample was then subjected to
phosphatase treatment while the remaining 750 µl was brought to 1% SDS. In the
phosphatase treatment, the samples were brought to a concentration of 2 mM MnCl2, 1 mM
EDTA, 5 mM dithiothreital and 0.01% Brij 35 by addition of a 10× concentrated solution.
Samples were then incubated for 30 min (room temperature) in the presence of ～30,000
units of lambda phosphatase (# P9614, Sigma, St. Louis, MO) and ～7500 units of alkaline
phosphatase (# P0114, Sigma, St. Louis, MO). The reaction was stopped by the addition of
10% SDS to yield a final concentration of 1% SDS. Western blotting was performed as
above.

Cell culture, transfection, and harvesting
Human Embryonic Kidney cells (HEK293) were maintained in DMEM supplemented with
10% Fetal Bovine Serum and 50 U/ml penicillin/streptomycin (Invitrogen) at 37°C, 5%
CO2. HEK293 cells were transfected using the Calcium Phosphate method, described briefly
here. One day prior to transfection confluent cells were split 1:5 onto 10cm culture dishes.
Flag-tagged FMR1 wild type, mutant S499A (kindly provided by Stephen Warren, PhD,
Emory University, Atlanta GA), or no DNA control (16µg DNA/10cm dish) were
precipitated with 0.125M CaCl2, and 1× HBS (in mM: 137 NaCl, 5 KCl, 0.7
Na2HPO4·7H2O, 7.5 glucose, 21 HEPES) for 30 minutes at RT shielded from light. The
precipitated DNA was added to HEK293 cells. The cells were returned to the incubator for
overnight incubation (～16 hrs), before culture medium was exchanged. After 72 hours,
transfected HEK293 cells were washed 1× in PBS containing CaCl2. The cells were then
harvested on ice in IP Buffer lacking TritonX-100 (see recipe under Immunoprecipitation)
(1ml/10cm dish). Immunoprecipitation of Flag-tagged FMR protein and Western Blotting
were then performed as described (Immunoprecipitation and Western Blotting).
Immunoprecipitation from cultured cells was performed using anti-Flag Ab (F1804).

Immunocytochemisty
Hippocampal slices (400 µm) were prepared and recovered as for electrophysiology. Slices
were transferred to ice-cold ACSF, fixed with 4% paraformaldehyde in phosphate buffered
saline (PBS) for 4 hours, washed 3× with PBS with 0.01% NaN3 (PBSN) and then
suspended in PBSN with 30% sucrose at 4°C for 72–96h. Slices were quickly frozen with
dry ice and sliced sagitally at 40 µm with a sliding microtome and washed with PBSN × 3.
Slices were blocked with PBS + 1% BSA + 2% GS + 0.3% triton (BA) at room temperature
for 2h and then incubated with 1:500 mouse anti-FMRP (1C3)(Antar et al., 2004;Antar et
al., 2005;Hou et al., 2006) and 1:500 rabbit anti-MAP2 (Millipore, Billerica, MA) for 48–
72h at 4°C. After washing with PBSN × 3, slices were blocked in BA at 4°C for 24 h and
then incubated with 1:400 goat anti-mouse Alexa Fluor 488 and 1:400 goat anti-rabbit Alexa
Fluor 568 (Invitrogen, Carlsbad, CA) at 4°C for 24 h. After washing with PBSN × 3, slices
were mounted with Vectashield (Vector Labs, Burlingame, CA) containing nuclear counter-
stain (DAPI).

Fluorescence microscopy and quantitative digital imaging analysis
Imaging of slices was performed on an inverted Zeiss Axiovert 200M with 63× plan-apo/1.4
numerical aperture objective, 175 W xenon illumination (Sutter Instruments, Novato, CA),
Coolsnap CCD camera (Princeton Instruments, Trenton, NJ), and SlideBook version 4.0–5.0
software (Intelligent Imaging Innovations, Ringsby, CT) as described previously (Smith et
al., 2006;Robertson et al., 2009). For detection of indirect immunofluorescence of Alexa
488/568/DAPI, three-dimensional z-stack images of x–y planes with 0.3 µm steps were
collected. Images were deconvolved to the nearest neighbor to generate confocal x–y
sections. For somatic regions, masks for each x–y plane were hand-drawn to exclude non-
neuronal elements (glia or vascular) that included as much of CA1 stratum pyramidale as
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possible. For apical dendritic regions, masks, drawn on anti-MAP2 images, began > 20 µm
from the extreme edge of stratum pyramidale to also exclude non-neuronal elements. Mean
fluorescence intensity corresponding to each mask from each channel through all x–y planes
was calculated. The dendritic:somatic ratio was calculated for each channel to allow
comparisons between slices with different intensities. The ratio associated with anti-FMRP
fluorescence was normalized by dividing by the ratio associated with anti-MAP2
fluorescence to allow comparisons between slices with slightly different neuronal densities.
Typically, 3 image fields from 3 slices from each condition were analyzed.

Three-Chamber Social Approach Task
The three-chambered social approach task, employed as a standard test for assaying
sociability in mice(Nadler et al., 2004;Moy et al., 2009;Yang et al., 2011), was adapted for
rats by scaling the size of the apparatus. Briefly, a subject rat (control or ELS, type blinded
to experimenter) was placed into the middle chamber of the divided, 3-chamber (99 (W) ×
162 (L) × 41 cm (H)) apparatus. An empty, inverted, plastic, medium-sized, golf-range
bucket (Western Golf, Thousand Palms, CA) was placed beforehand in each of the two outer
compartments. Initially the subject rat was placed in the center chamber for a ten minute
habituation; for this initial habituation phase, the doors to the other compartments were
closed. For the second habituation phase, the sliding doors (10 × 10 cm) were elevated and
the subject rat given free access to the three chambers during a 10 min session. Following
the habituation phases, the subject rat was placed back into the center, the sliding doors were
closed and an unfamiliar male target (trained and habituated) rat was placed under one of the
two buckets while a novel object was placed under the other bucket; the doors were opened
and the subject rat permitted to explore the entire apparatus for 10 min for the sociability
phase. The time spent in each compartment during both sessions was collected via video
(JVC Everio, Bedford, TX) and scored off-line using TopScan (CleverSys, Reston, VA).
The apparatus was cleaned with ethanol (70%) between each rat. White noise (70 dB) with
dimmed lighting was present during testing.

Statistics
Data are expressed as mean ± SEM with n = number of rats for a given treatment. Data are
plotted using Sigmaplot 12.0 (Systat, Chicago, IL). Mann-Whitney Rank Sum, ANOVA
with Bonferroni or Holm-Sidak post-hoc testing, repeated measures ANOVA and Student’s
t-tests were used, where indicated and appropriate, for statistical comparisons for
electrophysiological, immunocytochemical, biochemical and behavioral data using Origin
7.5 S5R (Origin Lab Corporation, Northampton, MA), SPSS (IBM, Armonk, NY) or
SigmaStat 3.11 (Systat, Chicago, IL). Outlier analysis (where required – used only for
FMRP-P P2 fractions analysis) were performed using Minitab 16 (State College, PA), data
points with standardized residuals greater than 3 were further inspected for validity.
Significance is reported at P < 0.05 unless otherwise nonsignificant (NS).

Results
ELS does not result in an epileptic phenotype at P60

Studies by others (Stafstrom et al., 1993;Galanopoulou, 2008) have failed to find evidence
of epilepsy (spontaneous seizures) after subcutaneous kainate injection at P7 (ELS). In order
to confirm that our phenotypic observations were not associated with spontaneous seizures,
we used combined video-EEG monitoring at P60+ following ELS. We monitored 6 rats
following ELS continuously for 5–17 days (average 12 ± 2 days) and made comparisons to 4
saline-injected control rats monitored for 5 days. No discharges of any duration that could be
consistent with spontaneous seizures were observed in either group. Diurnal background
rhythms in each group appeared qualitatively similar (Supplemental Figure 1).
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mLTD is preferentially enhanced chronically following ELS
Since our previous studies found enhanced LTD at P60+ following ELS(Cornejo et al.,
2007), we first isolated mLTD with a specific induction protocol (SPP-LFS) in the presence
of D-APV(Kemp et al., 2000). We utilized a two-pathway protocol in order to investigate
both stimulation-induced and chemical-induced (DHPG) mLTD. We found that both
stimulation-induced mLTD (fEPSP slopes, normalized to 100% baseline, ELS: 54.82±
2.52%, n = 12, control: 82.06± 2.55%, n = 8, P < 0.001, Student’s t-test (Figs. 1A, 3B)) and
chemical-induced mLTD (ELS: 55.12± 2.23%, n = 10, control: 72.874± 2.44%, n = 8, P <
0.001, Student’s t-test, (Fig. 1B)) were significantly enhanced at P60+ following ELS. We
further determined the specificity of enhanced mGluR LTD following ELS using the
specific mGluR5 antagonist MTEP (I 3-((2-Methyl-4-thiazolyl)ethynyl)pyridine)(Matta et
al., 2011;Kwag and Paulsen, 2012). In the presence of D-APV (50 µM), two-pathway
protocol was used to investigate stimulation-induced mLTD induction first in the absence of
MTEP (Figure 1C, ELS: 57.65±9.73%, n=7, control: 85.41±2.43%, n=7, P<0.013, Student’s
t-test) and then in the presence of MTEP (500nM) (Figure 1D, ELS: 98.282±3.01%, n=6,
control: 98.92±4.24%, n=6, P=0.91, Student’s t-test). These results confirm that mLTD
induction following ELS is indeed mediated by mGluR5, as blocking these receptors prior to
induction eliminates all mLTD, while applying the antagonist following induction has no
effect on the expression of enhanced mLTD in ELS animals. Further, pathway specificity of
mLTD is maintained following ELS. In other words, mLTD remains homosynaptic
following ELS.

Next, using a different induction protocol that favors NMDAR-mediated LTD and omitting
D-APV (LPP-LFS)(Kemp et al., 2000), we found no significant differences at P60+
following ELS (ELS: 88.82 ± 4.19%, n = 6, control: 89.58 ± 3.16%, n = 7, P = NS,
Student’s t-test (Figs. 2A, 3B)). The amount of LTD under these conditions was less than
that seen for mLTD (Fig. 3B, ANOVA, P < 0.05), consistent with less NMDAR-mediated
LTD at P60(Dudek and Bear, 1993;Kemp et al., 2000). Taken together, this suggests that
ELS preferentially affected the induction and expression of mLTD compared to NMDAR-
mediated LTD. Our prior studies(Cornejo et al., 2007) did not find any alterations that could
be attributed to chronic changes in presynaptic function following ELS.

mLTD is still protein synthesis dependent following ELS
mLTD induction is critically dependent on protein synthesis (Huber et al., 2000). mLTD
becomes protein synthesis independent with genetic loss of FMRP (Osterweil et al.,
2010;Nosyreva and Huber, 2006). Since genetic loss of FMRP results in enhanced mLTD
(Nosyreva and Huber, 2006;Volk et al., 2007) similar to ELS, we hypothesized that mLTD
following ELS might be protein synthesis independent. Therefore, mLTD was measured in
the continuous presence of two different protein synthesis inhibitors individually. First, in
the presence of anisomycin (20 µM), stimulus induced mLTD was equally reduced
following ELS compared to controls (ELS: 94.22 ± 3.82%, n = 6, control: 98.05 ± 2.44%, n
= 6, P = NS, Student’s t-test (Fig. 2B)). Similarly, in cycloheximide (60 µM) stimulus
induced mLTD was equally, but not totally, blocked following ELS compared to controls
(ELS: 91.02 ± 5.33%, n = 6, control: 89.58 ± 4.24%, n = 7, P = NS, Student’s t-test (Fig.
2C)). Therefore by comparison to stimulus induced mLTD in the absence of protein
synthesis inhibitors (Fig. 3B), the enhanced mLTD following ELS remains dependent on
protein synthesis. This is similar to what is reported in the FMRP premutation mouse with
modest reduction of FMRP expression with modest reduction of FMRP expression (Iliff et
al., 2013).
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PP2A regulation of mLTD is occluded following ELS
Non-specific blockade of both PP2A and PP1 has previously been shown to enhance mLTD
under different conditions(Schnabel et al., 2001). We used okadaic acid (OA) at a
concentration (3 nM) that blocks PP2A with relative selectivity over PP1(Swingle et al.,
2007). We chose a relatively brief incubation to investigate the effects on activated PP2A
and prevent alterations in background phosphorylation and other off-target effects seen with
longer treatments(Niere et al., 2012). OA significantly enhanced mLTD in controls (controls
with OA: 52.47 ± 4.49%, n = 8, controls without OA: 82.06± 2.55%, n = 8, P = 0.001,
Student’s t-test (Figs. 1A, 3AB)). Thus, PP2A regulates and limits the amount of mLTD
under control conditions. mLTD was similar between controls with OA, ELS with OA
(54.09 ± 4.99%, n = 9) and ELS without OA (Figs. 3AB, c.f. Fig 1 A)). Taken together,
PP2A regulation of mLTD is lost following ELS since further enhancement of mLTD was
not seen with PP2A blockade.

Characterization of phosphorylated FMRP antibody—Since these alterations in
mLTD could be due to alterations in FMRP expression and function, it was first necessary to
develop an antibody that would detect the different functional states of FMRP. We
generated a novel polyclonal antibody (6058) against a peptide corresponding to the primary
site of FMRP phosphorylation, S499 (Ceman et al., 2003), (see Methods.) Phosphorylation
at S499 is associated with stalled ribosomes (Ceman et al., 2003), while dephosphorylation
at S499 is associated with somatodendritic transport(Bassell and Warren, 2008) and
ubiquination and proteasomal degradation(Hou et al., 2006;Niere et al., 2012). Treatment of
hippocampal slices with DHPG (100 µM × 30 mins) has been shown with a previous
antibody to result in robust phosphorylation of FMRP(Narayanan et al., 2008). Similarly, we
treated adult hippocampal slices with DHPG and compared them to untreated matched-slice
controls. Western-blot analysis revealed that 6058 selectively labeled a band around 75kDa
corresponding to the molecular weight of FMRP; intensity of this band was increased by
DHPG treatment and completely eliminated by phosphatase treatment (Fig. 4AB),
demonstrating that 6058 exclusively recognizes biologically active FMRP phosphoprotein.
Immunoprecipitaion of FMRP (7G1 −1) followed by re-blot with 7G1 −1 and 6058 further
demonstrated specificity of 6058 for FMRP and preservation of FMRP phosphorylation by
our immunoprecipitation protocol (Suppl Fig. 2B). Furthermore, probing FMRP KO mice
and S499A mutant FMRP (Fig. 4CD) further demonstrated the specificity of the 6058
antibody for S499 phosphorylated FMRP.

Expression of key mediator proteins of mLTD following ELS
We postulated that exaggerated mLTD seen chronically following ELS might be reflected
by dysregulated protein expression of key mediators of mLTD, especially those for which
phosphorylation might influence alterations in activity. As a precedent, this has been
observed for NMDAR-mediated LTD(Peineau et al., 2007). Theoretically, enhanced mLTD
could be influenced by reduced expression of FMRP or PP2A or enhanced expression of
mGluR5, the main Group 1 mGluR subtype involved in postsynaptic CA1 hippocampal
signaling (Collingridge et al., 2010), or STEP, the tyrosine phosphatase associated with
mLTD expression(Zhang et al., 2008). We did not find significant alterations in the
expression of FMRP, phosphorylated FMRP, the core, catalytic subunit of PP2A (PP2AC),
STEP or mGluR5 (Fig. 5), though a trend towards increased mGluR5 was observed. Prior
work suggests that a nearly two fold increase in mGluR5 expression might be needed to
explain enhanced mLTD seen following ELS (Huber et al., 2001). However, small increases
in mGluR5 expression might explain long-term changes in down-stream signaling
influenced by mGluR5 activation. Signaling through Akt occurs both through
mGluRs(Collingridge et al., 2010) and NMDARs(Peineau et al., 2007) to balance the
expression of LTD via phosphorylating GSK3β on Ser 9, rendering it inactive. Active Akt
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(phosphorylated on Ser 473) has been reportedly increased(Sharma et al., 2010),
unchanged(Osterweil et al., 2010) and decreased(Hu et al., 2008) in genetic disruptions of
FMRP. We did not find significant alterations in the total expression or in the expression of
phosphorylated isoforms of Akt (Ser 473) or GSK3β (Ser 9) following ELS compared to
controls (Fig. 6). Thus, alterations in basal signaling via mGluRs or NMDARs were less
likely to influence alterations in mLTD induction or expression.

S6K is activated (Thr 389 phosphorylation) through mGluR activation to influence the
function of FMRP (Narayanan et al., 2008). S6K phosphorylation is increased in genetic
disruption of FMRP (Sharma et al., 2010). S6K expression and activation were not altered 2
days after ELS (P9, Fig. 7ab). However, we found an increase in phosphorylated S6K (ELS:
239.51 ± 72.35% of control, P < 0.05, Student’ s t-test) without alteration of total S6K (ELS:
96.7 ± 10.5% of control)(Fig. 7CD) weeks (P60+) after ELS. While S6K may be initially
activated after ELS (Talos et al., 2012), lack of activation 2 days after ELS suggests that
S6K activation is not associated with triggering the latent phenotype after ELS. This is
consistent with the latent development of abnormal S6K–mediated signaling following ELS
and possibly secondary to other signaling pathways. S6, one of the substrates of S6K that
directly regulates protein translation (Nygard and Nilsson, 1990) and is activated by mGluR
activation (Antion et al., 2008a), showed significantly increased phosphorylation
(activation) on Ser 240/244 following ELS at P60+ (ELS: 135.42 ± 8.81% of control, P<
0.005, Student’s t-test). This is consistent with prolonged activation of S6K (Arechiga et al.,
2007). There was no change in total expression of S6 nor did we find changes in
phosphorylation of S6 at the Ser 235/236 site, consistent with the notion that S6K does not
phosphorylate this site directly (Pende et al., 2004) (Fig. 8) and is not fully activated.
Expression of another S6K target and regulator of protein translation, EIF4B was unchanged
(Supplemental Figure 3.). These data corroborate our electrophysiological results that
demonstrate mGluR LTD is still dependent on protein synthesis in ELS rats(Fig. 2BC, 3B).
This is similar to what has been reported in the fragile X premutation mice(Iliff et al., 2013).

Compartmentalization and interaction of FMRP, S6K and PP2AC following ELS
Since neither FMRP nor PP2AC total expression was altered chronically following ELS, we
hypothesized that disruption in either their sub-cellular targeting or interactions could
underlie the ELS mediated alterations in mLTD. FMRP redistribution is found in the
hippocampus after mGluR stimulation(Antion et al., 2008a;Hou et al., 2006;Antar et al.,
2004;Nalavadi et al., 2012). Further, FMRP redistribution may be regulated by
phosphorylation(Bassell and Warren, 2008). Regulation of PP2A is undoubtedly complex,
given that the enzyme can potentially exist in 75 different holoenzyme compositions, but
each with PP2AC at the core(Janssens et al., 2005). Given that FMRP, S6K and PP2A have
been characterized as dynamic binding partners(Narayanan et al., 2008), disrupted targeting
of one should correlate with that of the other. We therefore investigated the
compartmentalization of FMRP, PP2AC and S6K following ELS with subcellular
fractionation to report a concentration of each protein in each fraction. The concentration of
each protein was normalized to control for that fraction. Under control conditions, FMRP,
PP2A and S6K were enriched (on average) 1.3, 3.3 and 1.8 fold, respectively, in the
cytosolic (S2) fraction compared to the P2 fraction. PSD95 was excluded from cytosolic
fractions and enriched in synaptosomal fractions, consistent with appropriate
separation(Rockstroh et al., 2011) (Supplemental Figure 4). Following ELS, FMRP was
significantly removed from the cytosolic compartment (S2 fraction, ELS: 75.87 ± 5.66%, n
= 12; control: 100 ± 10.67%, n = 10, P < 0.05, Student’s t-test) (Fig. 9A). FMRP was
increased in the nuclear compartment (P1 fraction, ELS: ELS: 160.11 ± 18.60% of control,
P < 0.05, Student’s t-test) Phosphorylated FMRP was reduced in the cytosolic compartment.
(ELS: 53.14 ± 12.78% of control, P< 0.05, Student’s t-test). In parallel with FMRP, PP2AC
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was significantly removed from the cytosolic compartment (S2 fraction) (ELS: 66.88 ±
6.30%, n = 11 control: 100 ± 14.32%, n = 10, P < 0.05, Student’s t-test)(Fig. 9C).
Surprisingly, FMRP expression in P2 (synaptosomal) fractions was not significantly
changed following ELS, but there was significantly increased phosphorylated FMRP in the
synaptic compartment (ELS: (Fig 9B) (ELS: 208.13% of control, P<0.05, Student’s t-test).
PP2AC expression in P2 (synaptosomal) fractions was not significantly changed following
ELS (Fig 9C). While there were no significant alterations in the distribution of S6K,
phosphorylated S6K was reduced in the cytosolic compartment (ELS: 63.13 ± 10.35% of
control, P< 0.02, Student’s t-test) and increased in the synaptic compartment (ELS: 175.00 ±
38.58% of control, P< 0.05, Student’s t-test) (Fig. 10AB). Since FMRP is phosphorylated by
S6K, the patterns of phosphorylation and distribution are all consistent. To investigate the
interactions of FMRP with S6K and PP2A further, we immunoprecipitated FMRP from CA1
hippocampal lysates and probed for S6K and PP2AC to determine if ELS altered the
interaction of FMRP with either S6K or PP2AC. Consistent with fractionation, we found
reduced S6K immunoreactivity associated with FMRP following ELS (ELS: 65.52 ±
11.63%, n = 7; control: 100 ± 10.22%, n = 8, P < 0.05, Student’s t-test) (Fig. 11A). PP2AC
immunoreactivity associated with FMRP was unchanged by ELS (ELS: 101.77 ± 7.93%, n =
7; control: 100 ± 5.17%, n = 7, P = NS, Student’s t-test) (Fig. 11A). Therefore, the parallel
shifts in FMRP and PP2AC from the cytosolic fraction are correlated with their binding
interactions. This suggests that ELS alters the FMRP complex to selectively reduce S6K
binding to FMRP while PP2Ac binding is maintained(Narayanan et al., 2008). Further, since
FMRP favors PP2A binding over S6K when de-phosphorylated (Narayanan et al., 2008) this
is consistent with conditions caused by ELS to favor selective redistribution of PP2A and
FMRP without S6K from the cytosolic compartment.

We then investigated the compartmentalization of STEP. STEP translation is mediated
directly by FMRP (Darnell et al., 2011). STEP translation and activation directly mediates
mLTD expression (Moult et al., 2006;Zhang et al., 2008). STEP expression is selectively
increased post-synaptically in FMRP knock-out mice (Goebel-Goody et al., 2012).
Following activation, STEP targets AMPAR for removal from the synapse via
dephosphorylation(Zhang et al., 2008). At weeks (P60+) following ELS we found a
significant two-fold increase in synaptosomal STEP (ELS: 218.95 ± 51.05, n = 7; control:
100 ± 21.16, n = 8, P = 0.042, Student’s t-test) (Fig. 11B). We did not find any significant
change in levels of cytosolic STEP (ELS 123.40 ± 17.70, n = 7; control: 100 ± 15.51, n = 7,
P = 0.340, Student’s t-test). Given that alterations in STEP expression have been shown to
directly influence the expression of plasticity (Pelkey et al., 2002), this identifies a primary
mechanism by which deficits in FMRP function following ELS result in enhanced mLTD
expression (Supplemental Figure 5). More synaptosomal STEP is consistent with a greater
number of AMPA receptors being dephosphorylated, and subsequently internalized
following mLTD induction(Zhang et al., 2008) in order to mediate mLTD expression.

Altered Localization of FMRP following ELS
In order to confirm the shift of FMRP seen with subcellular fractionation following ELS, we
visualized this change using immunocytochemistry and fluorescence microscopy. In CA1,
anti-FMRP staining was diffusely clustered around neuronal somata and puncta along anti-
MAP2 stained dendrites in stratum radiatum (Fig. 12A). Dendritic puncta are presumed
polyribosomal clusters(Stefani et al., 2004;Antar et al., 2005). Non-neuronal elements, due
to lack of MAP-2 staining, were also rarely observed but had some anti-FMRP staining (Fig.
12). Following ELS, anti-FMRP staining is shifted from puncta in dendrites to a
homogeneous peri-nuclear pattern (Fig. 12BC). Faint anti-FMRP staining is still observed
along dendrites, presumably consistent with minimal changes in synaptic pools observed
with subcellular fractionation (Fig. 9A). Loss of mRNA granules is also seen in FMRP
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knock-out mice(Aschrafi et al., 2005). Anti-FMRP staining in non-neuronal elements
appears unaffected.

Altered sociability following ELS
Our prior studies (Cornejo et al., 2007;Cornejo et al., 2008) found that adult rodents have
impaired hippocampal-dependent learning and memory following ELS. We also found
abnormalities in fear conditioning (Cornejo et al., 2008) that are consistent with an autistic
phenotype and similar to the exaggerated responses seen in another rat model of autism
(Markram et al., 2008). Given the association of genetic loss of FMRP with an autistic
phenotype (Mineur et al., 2006;Spencer et al., 2005), we examined a behavioral feature
linked to autistic phenotypes, abnormal sociability, using the three-chambered social
approach task in adult rats. During the habituation phase (trial #2, Methods), neither control
or ELS rats demonstrated a preference for any of the three chambers (P=0.48, two way
ANOVA) (Fig. 13A) and confirming no side preferences and validating the empty
apparatus. During trial #3, the sociability phase, ELS rats displayed a reduced preference for
spending time in the “novel rat” chamber (control: 537.86±33.40 s, n=9, ELS: 393.80±27.95
s, n=11, P=0.002, two way ANOVA, Holm-Sidak post-hoc comparisons)(Fig. 13B). These
abnormalities in the three chamber social interaction task are consistent with autistic features
after ELS and other rodent models of autism (Silverman et al., 2010;Crawley, 2007). Given
our prior findings of normal open field and elevated plus maze testing following ELS
(Cornejo et al., 2008), it is unlikely that alterations in activity or anxiety, as measured by
these tests, contributed to our findings.

Discussion
We have demonstrated that the chronically enhanced LTD following ELS is specifically
mediated by mGluRs (mLTD), similar to that seen with genetic disruption of FMRP. We
subsequently investigated the expression of proteins associated with mLTD and FMRP
signaling. FMRP, S6K and PP2A are thought to cooperate as a signaling complex
(Narayanan et al., 2007;Narayanan et al., 2008). While we find no changes in FMRP and
PP2A total expression, S6K is hyperphosphorylated, consistent with S6K overactivation.
Since this and Akt overactivation (which we did not observe) are seen in genetic loss of
FMRP (Sharma et al., 2010), we postulated that more nuanced alterations of the FMRP
complex such as redistribution of FMRP away from synapses could explain our findings.
Surprisingly, we found that FMRP and PP2A are unchanged in synaptic compartments but
removed from cytosolic (non-synaptic) compartments in adult rats following ELS. This was
surprising because synaptic compartments are the presumed locus for mLTD induction and
expression. Since the total amounts and the synaptic fractions of FMRP and PP2A were
unchanged by ELS, the loss of FMRP and PP2A from the cytosolic compartment would be
consistent with redistribution of both proteins from the non-synaptic/cytosolic compartment
in dendrites towards the somatic compartment, which was supported by imaging. Further
supporting the mechanistic importance of their re-distribution, ELS occluded PP2A
mediated regulation of mLTD.

Binding of FMRP to PP2A remains intact following ELS, (but with reduced bound S6K)
supporting their joint redistribution and consistent with reports describing their collective
interactions, including those dependent on FMRP phosphorylation (Narayanan et al., 2008).
The reduction of S6K binding to FMRP is noteworthy, as it is speculated that S6K
rephosphorylates FMRP, thus resetting its ability to inhibit protein translation (Ceman et al.,
2003) and thus limit mLTD (Antion et al., 2008b). The reduced association of FMRP and
S6K corroborates that FMRP is not being rephosphorylated effectively and specifically in
the cytosolic compartment, which could locally influence protein translation, FMRP
transport(Bassell and Warren, 2008) and degradation(Hou et al., 2006;Niere et al., 2012).
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Indeed, we find correlations in FMRP phosphorylation with S6K activation such that FMRP
phosphorylation is reduced in the cytosolic compartment concurrently with a reduction in
activated S6K and vice-versa in the synaptic compartment. Our findings illustrate new
aspects of FMRP signaling that cannot be explored using traditional knock-out approaches
as they are location dependent. Thus, FMRP dysfunction, short of genetic loss, also
underlies deregulation of mLTD.

Investigation of STEP, a protein whose translation is dynamically limited by FMRP(Darnell
et al., 2011), indicated that STEP expression is significantly increased in the synaptosomal
fraction following ELS. STEP expression is selectively increased post-synaptically in FMRP
knock-out mice(Goebel-Goody et al., 2012). In our prior work, we also found another
FMRP target (Brown et al., 2001) with altered synaptosomal expression after ELS,
PSD95(Cornejo et al., 2007). This clarifies the mechanism(s) by which impaired FMRP
function following ELS underlies enhanced mLTD (Supplemental Figure 5). Specifically,
increased levels of synaptic STEP may result in more AMPARs being targeted for removal
from the synapse via dephosphorylation (Zhang et al., 2008), i.e., enhanced mLTD
expression (Pelkey et al., 2002).

The specific location of protein synthesis for mLTD as mediated by FMRP is not completely
clear, though presumed to be very near synapses and the site of mLTD expression.
Polyribosomes are located both throughout dendrites and in clusters at the base of
spines(Antar et al., 2005). Most FMRP (80–90%) is associated with polyribosomes and
present at the base of spines(Stefani et al., 2004). Given that protein synthesis was intact
following ELS to mediate mLTD and that FMRP (and PP2AC) concentrations in synaptic
fractions were surprisingly unchanged, this suggests that synaptic protein synthesis is not
disrupted following ELS. Thus, mLTD induction is intact following ELS. Given the
reduction of FMRP and PP2A from non-synaptic compartments and the associated
enhancement of mLTD following ELS, these findings support a role of non-synaptic
compartments and, possibly, inter-compartmental signaling by FMRP and PP2A in
regulating mLTD expression under normal conditions. Consistent with our data,
dephosphorylated FMRP redistributes away from synapses along the nuclear-dendritic axis
(Antar et al., 2004), however the role and specifics of FMRP redistribution seen with mLTD
have not previously been demonstrated. It is possible that once synaptic FMRP (and
potentially other associated proteins) are dephoshorylated and removed from the ribosome,
these proteins are degraded (Hou et al., 2006;Nalavadi et al., 2012), and “new” FMRP/
PP2A/S6K complexes are drawn to the synapse from pools in the cytoplasm in order to
replace the FMRP “brake” on local translation. Following ELS, these “pools” in the
cytoplasm are lacking. This would explain why mLTD following ELS is still protein
synthesis dependent, yet is still influenced by FMRP dysfunction (Supplemental Figure 5).
Furthermore, this highlights the important role of the FMRP complex as a biphasic
modulator of mLTD, as it involves the regulation of protein synthesis.

Genetic removal of S6K1 corrects molecular, synaptic and behavioral aspects caused by loss
of FMRP(Bhattacharya et al., 2012). Our data are consistent with S6K being a key
modulator of FMRP function. This supports the mechanism suggested by our data where the
interactions of FMRP, PP2A and S6K are coordinated, and subsequently disrupted by ELS,
to biphasically regulate mLTD. This proposed motif of FMRP (Narayanan et al., 2008) is
similar to that of AKAP79/150, a mobile synapto-dendritic protein that binds both kinases
and phosphatases to regulate plasticity (Sanderson and Dell’Acqua, 2011). Consistent with
our data, evidence suggests that phosphorylation of FMRP favors S6K binding over PP2A
and conversely dephosphorylation favors PP2A over S6K(Narayanan et al., 2008), though
other modifications of FMRP have also been proposed (Blackwell et al., 2010).
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Given that PP2A is needed to activate FMRP and protein translation, it might be expected
that PP2A blockade would limit mLTD induction (Niere et al., 2012). However, our findings
support a role for PP2A in regulating mLTD expression and are consistent with a prior
report (Schnabel et al., 2001). We utilized a concentration of OA which should be very
specific for PP2A over PP1 (Swingle et al., 2007). However, use of any PP2A antagonist
potentially implicates all of the phosphorylated proteins regulated by PP2A in addition to
FMRP. PP2A regulation of mLTD that was completely occluded by ELS supports two
important conclusions. First, PP2A localization is important in regulating mLTD and
second, PP2A regulation of mLTD likely influences mLTD expression outside of its
modulation of FMRP, possibly down-stream from protein translation (Supplemental Figure
5). Taken together, the linked and parallel disruptions of FMRP and PP2A localization
following ELS and the associated alterations mediated by PP2A blockade on mLTD support
a role for the FMRP-PP2A–S6K complex in regulating mLTD.

Importantly, it remains unclear how the chronic changes found at P60+ evolved from ELS at
P7. Our data supports that this is not an immediate consequence of ELS but rather it results
from an altered developmental trajectory. This is based on our findings of latent
hyperphosphorylation of S6K after P9. It suggests that a therapeutic window exists in which
these long term changes may be circumvented. Studies by others (Stafstrom et al.,
1993;Galanopoulou, 2008) and our studies here have failed to find evidence of epilepsy
(spontaneous seizures) at P60+ following ELS in this model. There are many differences
here compared to the hypoxia model of ELS (Talos et al., 2012), including lack of epilepsy
(Rakhade et al., 2011), where S6K activation has been implicated in the triggering process.
Thus having excluded epilepsy and S6K activation, it is not immediately clear how these
changes are activated and maintained. In this model of ELS, there is no evidence of overt
cellular damage to the hippocampus, such as cell loss (Nitecka et al., 1984;Lynch et al.,
2000;Wirrell et al., 2001), sprouting (Holmes, 1991;Cornejo et al., 2007) or alterations in
spine numbers (Cornejo et al., 2007) to suggest structural mechanisms that may underlie the
alterations in mLTD. This is in contrast to repeated ELS models where structural
abnormalities have been shown(Sogawa et al., 2001;Nishimura et al., 2011). In prior studies,
loss of long-term potentiation (LTP) in adult rats after ELS was attributed to alterations in
GABAergic tone in the dentate gyrus (Lynch et al., 2000) and reduced expression of
GluN2A in CA1(Cornejo et al., 2007). Indeed, loss of FMRP function has been linked to
reduction of hippocampal LTP (Hu et al., 2008;Lauterborn et al., 2007) and homeostatic
plasticity (Soden and Chen, 2010). Studies here now support enhanced post-synaptic STEP
expression, as seen in over-expression studies (Pelkey et al., 2002), as a major contributor to
the loss of LTP after ELS.

Determining pharmacologically which targets may normalize mLTD following ELS are
critical for future studies in order to determine if these may influence the abnormal
behavioral phenotype, which includes alterations in learning and memory, observed after
ELS (Cornejo et al., 2007;Cornejo et al., 2008;Lynch et al., 2000;Sayin et al., 2004). We
have identified FMRP signaling related targets; however it is very possible that other distinct
signaling pathways are affected. Our findings of altered socialization now further link ELS
with symptoms associated with autism and a phenotype with ID. While many studies have
explored the core features of autism in genetically modified mice (Silverman et al., 2010),
these have not yet been extended to rats, an area of further study. Exaggerated fear responses
(Markram et al., 2008) and altered socialization (Bambini-Junior et al., 2011), identical to
our findings after ELS (Cornejo et al., 2008), are seen in the best known rat model of autism,
in utero valproic acid exposure. These findings direct future studies that may have important
consequences for clinical treatments for disorders with intellectual disability and autistic
features outside of FXS, particularly those associated with ELS or similar early life insults,
where abnormal FMRP-mediated signaling may be present.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Early life seizures (ELS) selectively enhance mGluR-mediated LTD (mLTD).

• ELS disrupt the localization of FMRP and PP2A. ELS also disrupts FMRP and
S6K phosphorylation.

• ELS disrupt binding of S6K to the FMRP/PP2A/S6K complex; S6K is over-
activated.

• mLTD is mediated by PP2A; this regulation is lost after ELS.

• ELS are associated with reduced socialization.
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Figure 1. mLTD is preferentially enhanced following ELS at P60
In the presence of D-APV (50 µM), two-pathway protocol was used to investigate both
stimulation-induced (A, SPP-LFS, Pathway 1) and chemical-induced (B, DHPG × 100 µM ×
10 min, Pathway 2) mLTD for comparisons between ELS (filled circles) and control (open
circles). fEPSP slopes, normalized to 100% baseline, are shown. Stimulation (ELS: 54.82±
2.52%, n = 12, control: 82.06± 2.55%, n = 8, P < 0.001, Student’s t-test) and chemical
mLTD (ELS: 55.12± 2.23%, n = 10, control: 72.874± 2.44%, n = 8, P < 0.001, Student’s t-
test) were significantly enhanced following ELS. In the presence of D-APV (50 µM), two-
pathway protocol was used to investigate stimulation-induced mLTD induction in the
absence of MTEP (C, Pathway 1; ELS: 57.65±9.73%, n=7, control: 85.41 ±2.43%, n=7,
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P<0.013, Student’s t-test) and in the presence of MTEP (500 nM) (D, Pathway 2; ELS:
98.282±3.01%, n=6, control: 98.92±4.24%, n=6, P=0.91, student’s t-test). Insets show
averages of 4 fEPSPs near the numerically indicated time points. Scale bar 0.5 mV × 15
msec.
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Figure 2. NMDAR-mediated LTD and protein synthesis is intact in mLTD following ELS at P60
A, Omitting D-APV with a different induction protocol (LPP-LFS), NMDAR-mediated
LTD was not different (ELS: 88.82 ± 4.19%, n = 6, control: 89.58 ± 3.16%, n = 7, P = NS,
Student’s t-test). B, in the presence of anisomycin (20 µM), stimulus induced mLTD (SPP-
LFS plus D-APV, 50 µM) was equally, and nearly totally, blocked following ELS (filled
circles) compared to controls (open circles) (ELS: 94.22 ± 3.82%, n = 6, control: 98.05 ±
2.44%, n = 6, P = NS, Student’s t-test). C, In the presence of cycloheximide (60 µM)
stimulus induced mLTD (SPP-LFS plus D-APV, 50 µM) was equally, but not totally,
blocked following ELS compared to controls (ELS: 91.02 ± 5.33%, n = 6, control: 89.58 ±
4.24%, n = 7, P = NS, Student’s t-test). Insets show averages of 4 fEPSPs near the
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numerically indicated time points. Scale bar 0.5 mV × 15 msec. fEPSP slopes, normalized to
100% baseline, are shown.
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Figure 3. Blockade of PP2A–mediated exaggerated mLTD is occluded following ELS at P60
A, In the presence of okadaic acid (OA, 3 nM), stimulus induced mLTD (SPP-LFS plus D-
APV, 50 µM) was similar in controls (open circles) compared to ELS (filled circles)
(controls: 52.47 ± 4.49%, n = 8, ELS: 54.09 ± 4.99%, n = 9, P = NS, Student’s t-test). Insets
show averages of 4 fEPSPs near the numerically indicated time points. Scale bar 0.5 mV ×
15 msec. fEPSP slopes, normalized to 100% baseline, are shown. B, Summary bar graph,
ELS solid bars, control open bars. Significance of comparisons (ANOVA) is denoted by * =
P<0.05, ** = P< 0.01, *** = P<0.001.
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Figure 4. Characterization of phosphorylated FMRP antibody (6058)
A, In adult hippocampal slices, 6058 selectively labeled a band around 75kDa corresponding
to the molecular weight of FMRP; intensity of this band was completely eliminated by
phosphatase treatment, demonstrating that 6058 exclusively recognizes phosphoprotein. B,
Adult hippocampal slices treated with DHPG (100 µM × 30 mins) were compared to
untreated matched-slice controls. Intensity of 6058 immunoreactivity at 75 kDa was
increased by DHPG treatment, demonstrating that 6058 exclusively recognizes relevant
biologically active FMRP phosphoprotein. Quantification of DHPG-induced
phosphorylation of FMRP (control 6058::total ratio: 100±39.12, n = 4, treated 6058::total
ratio: 171.21±37.47, n = 4, p< 0.04, Repeated Measures ANOVA). C, 6058
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immunoreactivity is absent in HEK293 cells transfected with S499A–FMRP mutant, while
present when transfected with wild-type FMRP. D, FMR1 KO mice do not display
immunoreactivity at 75 kDa when probed with antibody 6058 compared to controls which
display robust immunoreactivity.
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Figure 5. Total expression of mLTD linked proteins is unchanged following ELS at P60
No alterations in the total expression of FMRP (A) (ELS: 92.05 ± 7.95%, n = 13, control:
100± 7.95%, n = 12, P = NS, Student’s t-tests), FMRP-P (B) (ELS: 95.27 ± 12.64%, n = 11,
control: 100± 20.81%, n = 8, P = NS, Student’s t-tests), the core, catalytic subunit of PP2A
(PP2AC) (C) (ELS: 76.26 ± 6.32%, n = 12, control: 100 ± 19.13%, n = 9, P = NS, Student’s
t-tests), STEP (D) (ELS: 105.11 ± 20.00%, n = 9, control: 100 ± 21.06%, n = 10, P = NS,
Student’s t-tests) or mGluR5 (E) (ELS: 141.12 ± 23.36%, n = 12, control: 100 ± 18.88%, n
= 12, P = NS, Student’s t-tests), were observed. Semi-quantitative western-blot
technique(Cornejo et al., 2007) was used to determine immunoreactivity/mg loaded protein,
which were normalized to controls (see Methods). Typical blots with equivalent protein
loading shown. Solid bars ELS, open bars control.
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Figure 6. Total expression of LTD linked kinases is unchanged following ELS at P60
No alterations were observed in the total expression of AKT (A) (ELS: 100.63 ± 7.72%, n =
9, control: 100.00 ± 6.48%, n = 11, P = NS, Student’s t-tests) or phosphorylated Akt (Ser
473) (B) (ELS: 60.07 ± 18.5%, n = 7 control: 100 ± 28.51%, n = 10, P = NS, Student’s t-
tests) following ELS compared to controls. No alterations were observed in the total
expression of GSK3β (C) (ELS: 83.70 ± 6.09%, n = 9, control: 100.00 ± 13.15%, n = 10, P =
NS, Student’s t-tests) or phosphorylated GSK3β (Ser 9) (D) (ELS: 92.21 ± 20.72%, n = 9,
control: 100.00 ± 32.93%, n = 10, P = NS, Student’s t-tests) following ELS compared to
controls. Semi-quantitative western-blot technique(Cornejo et al., 2007) was used to
determine immunoreactivity/mg loaded protein, which were normalized to controls (see
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Methods). Typical blots with equivalent protein loading shown. Solid bars ELS, open bars
control.
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Figure 7. Increased S6K phosphorylation only chronically following ELS
A, No alteration of total S6K (ELS: 85.60 ± 13.11%, n = 8, control: 100.00 ± 18.07%, n =7,
P = NS, Student’s t-tests) was found 2 days following ELS (P9) compared to control. B, No
alteration of phosphorylated S6K (Thr 389) (ELS: 109.66 ± 18.90%, n = 7, control: 100.00 ±
18.76%, n =7, P = NS, Student’s t-tests) was found 2 days following ELS (P9) compared to
control. C, No alteration of total S6K (ELS: 96.70 ± 10.51%, n = 9, control: 100.00 ±
14.41%, n =9, P = NS, Student’s t-tests) was found weeks (P60+) following ELS compared
to control. D, ELS increased phosphorylated S6K (Thr 389) (ELS: 239.51 ± 72.35%, n = 9,
control: 100.00 ± 28.15%, n = 9, P < 0.05, Student’ s t-test) weeks (P60+) following ELS
compared to control. Semi-quantitative western-blot technique(Cornejo et al., 2007) was
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used to determine immunoreactivity/mg loaded protein, which were normalized to controls
(see Methods). Typical blots with equivalent protein loading shown. Solid bars ELS, open
bars control.
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Figure 8. Expression of translational kinase S6 and selected phosphorylated isoforms following
ELS at P60
A, Total expression of S6 was not affected by ELS compared to control (ELS: 84.78 ±
6.74%, n = 6, control: 100.00 ± 12.83%, n = 6, NS, Student’s t-tests). Expression of
phosphorylated S6 isoform (B), Ser 240/244 was significantly elevated by ELS (ELS:
135.32 ± 8.81%, n = 5, control: 100.00 ± 6.69%, n = 6, P <0.005, Student’s t-tests).
Expression of phosphorylated isoform Ser 235/236 (C) was not altered by ELS (ELS: 102.3
± 27.48%, n = 6, control: 100.00 ± 17.84%, n = 6, P = NS, Student’s t-tests). Semi-
quantitative western-blot technique(Cornejo et al., 2007) was used to determine
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immunoreactivity/mg loaded protein, which were normalized to controls (see Methods).
Typical blots with equivalent protein loading shown. Solid bars ELS, open bars control.
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Figure 9. Selective compartmental alterations of FMRP and PP2AC following ELS at P60
Subcellular fractionation reports a concentration of each protein in a given fraction;
concentrations for each protein were normalized to control for that fraction. A, FMRP was
removed from the cytosolic compartment (S2 fraction, ELS: 75.87 ± 5.66%, n = 12; control:
100 ± 10.67%, n = 10, P < 0.05, Student’s t-test). FMRP P2 (synaptosomal) fraction was not
changed (ELS: 113.40 ± 14.39%, n = 9, control: 100 ± 16.12%, n = 6, P = NS, Student’s t-
test). FMRP P1 (nuclear) fraction was significantly increased following ELS (ELS: 160.11 ±
18.60%, n = 18, control: 100.00 ± 14.69, n = 13, P < 0.05, Student’s T-test). B, FMRP-P
was reduced in the cytosolic compartment (S2 fraction) following ELS (ELS: 53.14 ± 12.78,
n = 8; control: 100 ± 21.98, n = 10, P < 0.05, Students’s t-test). Following ELS, FMRP-P
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was increased in the synaptosomal fraction (P2)(ELS: 208.13 ± 49.40, n = 10; ; control: 100
± 22.01, n = 12, P < 0.05). FMRP-P was unchanged in the P1 (nuclear) fraction (ELS:
123.81 ± 22.15, n = 10, control: 100.00 ± 12.61, n = 6, P = NS). C, PP2AC was removed
from the cytosolic compartment (S2 fraction, ELS: 66.88 ± 6.30%, n = 11 control: 100 ±
14.32%, n = 10, P < 0.05, Student’s t-test). PP2AC P2 (synaptosomal) fraction was not
changed (ELS: 111.83 ± 20.23%, n = 11, control: 100 ± 12.64%, n = 9, P = NS, Student’s t-
tests). The PP2AC P1 (nuclear) fraction was not changed following ELS (ELS: 122.11 ±
12.30, n = 9, control: 100.00 ± 12.97, n = 6, P = NS). Purity of fractions was determined by
restriction of PSD-95 to the P2 fraction (supplementary Figure 4). Semi-quantitative
western-blot technique(Cornejo et al., 2007) was used to determine immunoreactivity/mg
loaded protein, which were normalized to controls. Typical blots with equivalent protein
loading shown. Solid bars ELS, open bars control.
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Figure 10. ELS does not mediate alterations in localization of S6K, but does mediate changes in
S6K–P at P60
A, S6K was not significantly removed from the cytosolic compartment, though a trend
similar to PP2A and FRMP was suggested (S2 fraction, ELS: 82.01 ± 9.45%, n = 14;
control: 100 ± 10.50%, n = 10, P = NS, Student’s t-test). S6K P2 (synaptosomal) fraction
was not changed (ELS: 121.90 ± 12.18%, n = 14, control: 100 ± 18.58%, n = 10, P = NS,
Student’s t-tests). B, Phosphorylated S6K (Thr 389) was significantly reduced in the
cytosolic compartment (S2 fraction, ELS: 63.13 ± 10.35%, n = 10; control: 100 ± 13.16%, n
= 8, P < 0.02, Student’s t-test). Phosphorylated S6K (Thr 389) was significantly increased in
the P2 (synaptosomal) fraction (ELS: 175.00 ± 38.58%, n = 11, control: 100 ± 13.04%, n =
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10, P < 0.05, Student’s t-tests). Semi-quantitative western-blot technique(Cornejo et al.,
2007) was used to determine immunoreactivity/mg loaded protein, which were normalized
to controls (see Methods). Typical blots with equivalent protein loading shown. Solid bars
ELS, open bars control.
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Figure 11. ELS mediates loss of S6K from FMRP-PP2A–S6K complex and a decrease in
synaptosomal STEP at P60
A, FMRP-IPs from CA1 hippocampal lysates probed for PP2AC (ELS: 101.77 ± 7.93%, n =
7; control: 100 ± 5.17%, n = 8, P = NS, Student’s t-test) and S6K (ELS: 65.52 ± 11.63%, n =
7; control: 100 ± 10.22%, n = 8, P < 0.05, Student’s t-test) show unchanged interaction of
FMRP and PP2AC but reduced interaction of FMRP and S6K associated with ELS. B,
STEP S2 (cytosolic) fraction was not changed (ELS: 123.40 ± 17.70%, n = 7, control: 100 ±
15.51%, n = 7, P = NS, Student’s t-tests). STEP was increased in the synaptosomal
compartment (P2 fraction, ELS: 218.95 ± 51.05%, n = 7; control: 100 ± 21.16%, n = 8, P <
0.05, Student’s t-test). Solid bars ELS, open bars control.
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Figure 12. FMRP localization after ELS
A, At P60+, anti-FMRP staining (green) in controls forms puncta (white arrows) presumably
near synapses(Antar et al., 2005) along anti-MAP2 stained (red) dendrites in CA1 region of
the hippocampus, with light peri-nuclear staining. Enlarged insets from respective somatic
and dendritic regions are shown. B, Following ELS, at P60+ FMRP positive puncta are
nearly completely lost along dendrites with relative perinuclear accumulation (yellow
arrow). Nuclei are counterstained with DAPI (blue) to show the location of principal
neurons in stratum pyramidale and assist with differentiating non-neuronal elements
(turquoise arrowheads). Scale bar 10 µm. Enlarged insets from respective somatic and
dendritic regions are shown. Images shown in A and B were captured at a similar slice
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depth. C, Quantification of FMRP translocation from dendritic to somatic regions. The ratio
of dendritic to somatic anti-FMRP fluorescence intensity (normalized by the ratio of anti-
MAP2 fluorescence intensity to control for subtle differences in neuronal densities and
obtained through all x–y planes in the z-stack) was significantly less (0.495 ± 0.027, N = 5)
following ELS compared to controls (0.624 ± 0.0423, N = 5, P < 0.01, repeated measures
ANOVA). The ratio of anti-MAP2 fluorescent intensities was not significantly different
between ELS and controls, indicating no change in neuronal density. Solid bar ELS, open
bar control.
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Figure 13. Abnormal socialization following ELS at P60
A, In trial #2 (conducted with an empty apparatus, i.e. no novel object or novel rat), neither
control or ELS animals displayed a significant preference for any of the three chambers
(P=0.48, two way ANOVA). B,During trial #3, both ELS and control animals spent
significantly more time with the novel rat (ELS time with novel rats: 393.80 ± 40.66, ELS
time with novel object: 53.60 ± 16.64, P < 0.05; control time with novel rat: 537.86 ± 18.54,
control time with novel object: 13.29 ± 8.823, P < 0.05). However, ELS animals spent
significantly less time in the novel rat chamber compared to controls (control: 537.86±33.40
s, n=9, ELS:393.80±27.95 s, n=11, P=0.002, two way ANOVA). Solid bar ELS, open bar
control.
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