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Abstract

Using the rat model of early life seizures (ELS), which has exaggerated mGluR mediated long-

term depression of synaptic strength (mGluR-LTD) in adulthood, we probed the signaling

cascades underlying mGluR-LTD induction. Several inhibitors completely blocked mGluR-LTD

in control but not in ELS rats: the proteasome, the mammalian target of rapamycin (mTOR), S6

kinase (S6K), or L-type voltage-gated calcium channels (L-type VGCC). Inhibition of the Ca2+/

calmodulin-dependent protein kinase II (CaMKII) resulted in a near complete block of mGluR-

LTD in control rats and a slight reduction of mGluR-LTD in ELS rats. “Autonomous” CaMKII

was found to be upregulated in ELS rats, while elevated S6K activity, which is stimulated by

mTOR, was described previously. Thus, modulation of each of these factors was necessary for

mGluR-LTD induction in control rats, but even their combined, permanent activation in the ELS

rats was not sufficient to individually support mGluR-LTD induction following ELS. This implies

that while these factors may act sequentially in controls to mediate mGluR-LTD, this is no longer

the case after ELS. In contrast, activated ERK was found to be significantly down-regulated in

ELS rats. Inhibition of MEK/ERK activation in control rats elevated mGluR-LTD to the

exaggerated levels seen in ELS rats. Together, these results elucidate both the mechanisms that

persistently enhance mGluR-LTD after ELS and the mechanisms underlying normal mGluR-LTD

by providing evidence for multiple, convergent pathways that mediate mGluR-LTD induction.
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With our prior work, this ties these signaling cascades to the ELS behavioral phenotype that

includes abnormal working memory, fear conditioning and socialization.
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Introduction

The mechanisms underlying the induction of metabotropic glutamate receptor (mGluR)

(Conn and Pin, 1997;Nakanishi, 1994;Pin and Duvoisin, 1995) mediated long term

depression (mGluR-LTD) are not yet fully and clearly defined (Malenka and Bear, 2004;

Luscher and Huber, 2010; Gladding et al., 2009). While studying an early life seizure (ELS)

rat model that does not result in later epilepsy, we have previously reported an increase in

mGluR-LTD several months following a single episode of ELS in the rat in the absence of

changes in basal neural transmission and neuronal morphology (Bernard et al., 2013;

Cornejo et al., 2007). In adult rodents, long-term depression is primarily induced through

activation of mGluRs that results in protein translation (Gladding et al., 2009; Luscher and

Huber, 2010). Synaptically localized (Stefani et al., 2004) and phosphorylated Fragile X

Mental Retardation Protein (FMRP) acts as a negative regulator of translation under basal

conditions (Narayanan et al., 2007; Bassell and Warren, 2008), thus regulating and limiting

the amount of mGluR-LTD. In current schema, mGluR-mediated signaling first leads to

activation of protein phosphatase 2A (PP2A) and dephosphorylation of FMRP (thereby

activating translation) while further mGluR-mediated stimulation activates the mammalian

target of rapamycin (mTOR) pathway, secondarily leading to re-phosphorylation of FMRP

via p70-S6 kinase (S6K), stalling translation and limiting the magnitude of mGluR-LTD

(Ceman et al., 2003; Narayanan et al., 2007; Bassell and Warren, 2008; Narayanan et al.,

2008). Following mGluR activation, a fraction of FMRP is ubiquitinated and subsequently

degraded by the proteasome (Hou et al., 2006). Blocking proteasome mediated degradation

and/or ubiquitination prevents the induction of mGluR-LTD in wild type mice, but not in

FMRP knockouts (Hou et al., 2006) (but see (Citri et al., 2009)). mTOR, a central regulator

of cell growth, proliferation, autophagy, and translation (Hay and Sonenberg, 2004; Klann

and Dever, 2004; Sarbassov et al., 2005), is thought to exert pre-eminent influence on

mGluR-LTD via its control over local protein synthesis (Tang et al., 2002). The changes to

adult mGluR-LTD following ELS were, in part, related to alterations in the FMRP, PP2A,

S6K (FMRP/PP2A/S6K) signaling complex that regulates local protein synthesis and

subsequently mGluR-LTD. mGluR-LTD induction remains critically dependent and

convergent on protein synthesis (Huber et al., 2000) in this model (Bernard et al., 2013).

However many other proteins are believed to function in concert with FMRP/S6K/PP2A to

exert control over mGluR-LTD. Herein we further explore the roles of other proteins in

mGluR-LTD and investigate whether or not they are altered following ELS.

Traditionally Ca2+/calmodulin-dependent protein kinase II (CaMKII) has been regarded as a

crucial mediator of long term potentiation (Malenka and Bear, 2004; Coultrap and Bayer,
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2012; Lisman et al., 2012). Through the use of relatively non-selective antagonists (Coultrap

et al., 2011), recent evidence suggests that CaMKII may contribute to the induction of

mGluR-LTD (Mockett et al., 2011). The specific mechanisms by which CaMKII exerts its

control over mGluR-LTD and associated protein synthesis are still unknown. The

involvement of CaMKII in mGluR-LTD implicates the involvement of a calcium source

associated with mGluR activation but this source has not yet been identified (Mockett et al.,

2011).

The role of mitogen-activated protein kinase/extracellular signal-regulated kinase 1/2 (MEK/

ERK1/2) signaling is complicated and unclear in mediating the induction of mGluR-LTD.

MEK/ERK1/2 is involved in mGluR associated protein synthesis (Osterweil et al., 2010;

Mockett et al., 2011). Activation of mGluRs results in the phosphorylation of ERK and

blocking ERK is reported to block mGluR-LTD (Banko et al., 2006; Gallagher et al., 2004).

In contrast to these findings, a Tuberous sclerosis complex (TSC) rodent model displays

elevated levels of ERK activation which correlates with reduced mGluR-LTD. Loss of

mGluR-LTD in this TSC model can be rescued using U0126, an inhibitor of ERK signaling

(Chevere-Torres et al., 2012), strongly suggesting that elevated ERK signaling is responsible

for the reduced mGluR-LTD in this TSC model.

Using biochemistry and electrophysiology in rat hippocampal CA1 slices from ELS and

control rats, we found evidence for multiple, convergent pathways that mediate mGluR-LTD

induction. While modulation of these pathways inhibited mGluR-LTD induction in control

rats, this was not necessarily the case following ELS. This is consistent with biochemistry

and demonstrates that mTOR, S6K, proteasome, voltage-gated calcium channels and

CaMKII are each necessary but not sufficient for the induction of mGluR-LTD. MEK/

ERK1/2 signaling regulated the amount of mGluR-LTD induced that was consistent with

reduced ERK phosphorylation and the notion that ERK phosphorylation may regulate the

“set-point” for the magnitude of mGluR-LTD. As a whole, these results indicate that several

signaling processes must be activated simultaneously in order for the successful induction of

mGluR-LTD. In ELS rats, due to permanently altered (enhanced) signaling pathways,

several of these steps are perpetually “in place”, resulting in exaggerated mGluR-LTD even

in the presence of inhibitors that would normally prevent the induction of mGluR-LTD.

Materials and Methods

Animals

All studies conformed to the requirements of the National Institutes of Health Guide for the

Care and Use of Laboratory Rats 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. 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 (Bernard et al.,
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2013; 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 P60–90,

electrophysiological and biochemical analyses were undertaken with male rats.

Hippocampal Slice Preparation and Electrophysiology

As done previously(Bernard et al., 2013;Cornejo et al., 2007), following rapid decapitation

and removal of the brain, sagittal hippocampal slices (400 µm) were made using a vibratome

(Leica VT 1200, Buffalo Grove, IL) in ice-cold sucrose artificial cerebral spinal fluid

(sACSF: 206 mM sucrose, 2.8 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 stimu lating 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). Following baseline stabilization of fEPSP slope at approximately 75%

of maximal slope for at least 30 min, mGluR-LTD was induced using 900 paired-pulse

stimuli at 1 Hz with 50 ms inter-pulse interval, SPP-LFS. D-APV (50 µM) or D,L-APV (100

µM) (Tocris, Ellisville, MO) was included in all experiments to block NMDA receptor

mediated LTD, in order to insure mGluR-LTD was being isolated. It has been demonstrated

in rats that using 50 ms inter-pulse interval facilitates mGluR-LTD (Kemp et al., 2000); in

our prior work, mGluR-LTD induction was completely blocked by the mGluR5 specific

antagonist MTEP (500 nM) (Bernard et al., 2013). Dead volume was kept to a minimum (9–

10 mL) and flow rate was always tightly controlled (2–3 mL/min).
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Where indicated, slices were incubated in isradipine (10 µM for 30 mins prior to and during

recording, Tocris, Ellisville, MO), tatCN21 (2 µM for 40 mins prior to and during recording,

Bayer lab), MG132 (10 µM for 30 mins prior to and during recording, Tocris, Ellisville,

MO), PF-4708671 (25 µM for 30 min prior to and during recording, Tocris, Ellisville, MO)

rapamycin (20 nM for 30 mins prior to and during recording, Tocris, Ellisville, MO) or

U0126 (5 µM for 30 mins prior to and during recording, Tocris, Ellisville, MO). MG-132

and U0126 were dissolved in dimethyl sulfoxide (DMSO, 90 mM), while isradipine,

PF-4708671 and rapamycin were dissolved in 40 mM DMSO. During these experiments,

interweaved naïve mGluR-LTD experiments (i.e. vehicle, no inhibitor, Figure 2) were

conducted in equal concentrations of DMSO. ACSF contained less than 0.0003% DMSO.

We did not detect any effect of DMSO vehicle alone, therefore we included these

experiments in naïve mGluR-LTD experiments shown in Figure 3. All statistical

comparisons were performed using the average of responses obtained between the 65 and 75

minute time-points (50 to 60 minutes following the end of paired pulse stimulations).

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 antibodie s (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

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.
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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.

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). ,ANOVA (Holm-Sidak post-hoc testing)

and Student’s t-tests were used, where indicated and appropriate using SigmaPlot 12.0

(Systat, Chicago, IL). If statistical assumptions for a t-test were not met, we employed the

Mann-Whitney Rank Sum test. Significance is reported at P < 0.05 unless otherwise stated.

Results

Comprehensive screening of mGluR-LTD related proteins in ELS rats

Upon determining that mGluR-LTD is significantly enhanced in adult ELS rats, we

speculated that this exaggerated mGluR-LTD was the result of altered protein expression

and/or phosphorylation. Theoretically, enhanced mGluR-LTD could be influenced by a

number of proteins associated with mGluR post-synaptic signaling; therefore we assessed

changes in the expression and phosphorylation state of numerous mGluR-LTD related

proteins. The initial changes we detected were reported in (Bernard et al., 2013). A list of

additional mGluR-LTD proteins assessed and results obtained are presented in Table 2 with

further discussion of significant findings presented below. These specific proteins were

selected as they are targets of phosphatases or kinases that are altered in the ELS model or

because they are potentially associated with the cellular mechanisms of mGluR-LTD.

Notably, we do not see alterations in the phosphorylation status of GluA1 or GluA2, often

the down-stream targets of kinases and phosphatases that ultimately mediate synaptic

plasticity. Expression of neuroligin 3 was reduced in ELS rats. Mutations in neuroligin 3

have been associated with autism (Jamain et al., 2003), supporting our previous hypothesis

(Bernard et al., 2013) that ELS animals demonstrate changes similar to those associated with

autism.
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Altered phosphorylation of CaMKII

Synaptic plasticity is altered in the ELS model (Cornejo et al., 2007; Bernard et al., 2013)

and CaMKII is involved in synaptic plasticity (Coultrap and Bayer, 2012; Mockett et al.,

2011). Therefore we assessed total CaMKIIα and β, as well as their levels of

phosphorylation at two distinct sites: T286 (T287 in CaMKIIβ), which induces Ca2+-

independent “autonomous” CaMKII activity, and T305 (T306 in CaMKIIβ), which instead

prevents activation by interfering with Ca2+/CaM binding. We detected no persistent

changes in expression of CaMKIIα (control: 100.00 ± 15.90%, n = 12, ELS: 84.90 ±

13.80%, n = 11, P = 0.485, Student’s t-test) or CaMKIIβ following ELS (control: 100.00 ±

9.06%, n = 9, ELS: 106.60 ± 16.10%, n = 12, P = 0.644, Student’s t-test), (Figure 1). We

detected no increase in phosphorylation of the CaMKII site T305 (control: 100.00 ± 18.89%,

n = 12, ELS: 95.13 ± 25.22%, n = 13, P = 0.575, Student’s t-test). However we detected

significant increases in phosphorylation of site T286/7 on both CaMKIIα (control: 100.00 ±

27.74%, n = 9, ELS: 660.84 ± 182.85%, n = 8, P < 0.001, Student’s t-test) and CaMKIIβ

(control: 100.00 ± 27.50%, n = 9, ELS: 1213.33 ± 262.78%, n = 11, P < 0.05, Student’s t-

test). The specific phosphorylation profile of CaMKII following ELS is noteworthy. Isolated

phosphorylation at T286 but not at T305 indicates that CaMKII was autonomously activated

but still capable of further stimulation by CaM (Coultrap et al., 2010; Miller and Kennedy,

1986). This indicates that CaMKII is in an optimally primed state in ELS rats: its

autonomous activity is persistently increased, yet activation levels can be driven even higher

due to lack of increased phosphorylation at T305.

We further probed altered CaMKII phosphorylation in synaptic and cytosolic fractions

(Figure 2). No significant changes were detected with respect to total CaMKIIa (control P2:

100.00 ± 43.60%, n = 9, ELS P2: 119.10 ± 24.70%, n = 7, P = 0.686, Mann-Whitey Rank

Sum) (control S2: 100.00 ± 11.40%, n = 9, ELS S2: 95.40 ± 12.00%, n = 9, P = 0.785,

Student’s t-test) or CaMKIIβ (control P2: 100.00 ± 20.29%, n = 7, ELS P2: 105.22 ±

11.68%, n = 9, P = 0.817, Student’s t-test) (control S2: 100.00 ± 11.23%, n = 9, ELS S2:

84.42 ± 8.83%, n = 9, P = 0.251, Mann-Whitey Rank Sum). CaMKIIα P-T286 was

significantly elevated in the P2 fraction (control P2: 100.00 ± 18.00%, n = 7, ELS P2:

177.40 ± 27.20%, n = 9, P < 0.05, Student’s t-test), but not in the S2 fraction (control S2:

100.00 ± 16.40%, n = 11, ELS S2: 138.70 ± 35.50%, n = 12, P = 0.474, Student’s t-test).

Mimicking this trend, CaMKIIβ P-T287 was significantly elevated in the P2 fraction

(control P2: 100.00 ± 11.60%, n = 7, ELS P2: 180.76 ± 23.88%, n = 7, P < 0.02, Student’s t-

test), but not in the S2 fraction (control S2: 100.00 ± 18.40%, n = 7, ELS S2: 103.75 ±

28.69%, n = 9, P = 0.908, Mann-Whitey Rank Sum). This indicates that CaMKII is in an

activated and optimally primed state selectively in synapses.

mGluR-LTD is permanently enhanced following ELS

We previously reported enhanced mGluR-LTD in adult ELS rats (Bernard et al., 2013). In

order to insure that our ability to detect this phenomenon persisted, we interweaved

additional ELS mGluR-LTD experiments with those that follow. These results confirmed

our previous reports of enhanced mGluR-LTD in adult ELS rats (control: 80.32 ± 1.56%, n

= 18, ELS: 53.50 ± 3.99%, n = 18, P < 0.0000004, Student’s t-test) (Figure 3A and Figure
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7). mGluR-LTD induction following ELS is completely blocked both by either the mGluR5

antagonist MTEP or protein synthesis inhibitors (Bernard et al., 2013).

Role of CaMKII in mGluR-LTD induction

CaMKII is traditionally associated with long term potentiation (Malenka and Bear, 2004;

Coultrap and Bayer, 2012; Malinow et al., 1989; Silva et al., 1992). However recent

evidence suggests CaMKII is also crucial for the induction of mGluR-LTD (Mockett et al.,

2011), although the CaMKII inhibitors used in that study (KN62, KN93 and AIP) have off

target effects, including VGCCs (Coultrap et al., 2011). We used a very selective CaMKII

inhibitor, the peptide tatCN21 (2 mM), to specifically inhibit CaMKII activity (Vest et al.,

2007). This concentration did not affect basal transmission (not shown). TatCN21 inhibits

stimulated and autonomous CaMKII activity with the same potency (Buard et al., 2010).

mGluR-LTD in the presence of tatCN21 is differentially affected in ELS versus control rats

(control: 93.72 ± 1.31%, n = 11, ELS: 68.39 ± 1.98%, n = 10, P < 0.001, Student’s t-test).

TatCN21 significantly blocked mGluR-LTD in controls (control without CN21: 80.32 ±

1.56%, n = 18, controls with tatCN21: 93.72 ± 1.31%, n = 11, P < 0.000003, Student’s t-

test) (Figures 3AB and 7). However a small amount of mGluR-LTD was still induced in

controls in the presence of tatCN21 (control baseline with tatCN21: 100.67 ± 1.04%, n = 11,

controls with tatCN21: 93.72 ± 1.31%, n = 11, P < 0.0003, Student’s t-test). mGluR-LTD in

the presence of tatCN21 was still enhanced in ELS rats compared to control mGluR-LTD

(control without tatCN21: 80.32 ± 1.56%, n = 18, ELS with tatCN21: 68.39 ± 1.98%, n =

10, P < 0.001, Student’s t-test) (Figures 3AB and 7). However a small reduction of mGluR-

LTD occurs in ELS rats in the presence of tatCN21 (ELS without tatCN21: 53.498 ± 3.99%,

n = 18, ELS with tatCN21: 68.39 ± 1.98%, n = 10, P < 0.05, Student’s t-test) (Figures 3AB

and 7). These findings confirm with greater selectivity the previous reports that CaMKII

activity is required for mGluR-LTD induction (Mockett et al., 2011). However the

dependence of mGluR-LTD induction on CaMKII signaling was substantially reduced

following ELS, which also display elevated basal levels of CaMKII activation prior to

mGluR-LTD induction (Figure 1).

S6K regulation of mGluR-LTD is occluded following ELS

We have reported alterations in S6K signaling in the ELS model (Bernard et al., 2013),

specifically S6K is overall activated or hyperphosphorylated following ELS selectively in

synaptic fractions. S6K is implicated in the induction of mGluR-LTD (Ceman et al., 2003;

Narayanan et al., 2007; Bassell and Warren, 2008; Narayanan et al., 2008). In order to

determine if this role is altered following ELS we induced mGluR-LTD in the presence of

an S6K inhibitor (PF-4708671, 25 µM) (Pearce et al., 2010). PF-4708671 completely

blocked mGluR-LTD in controls (controls with PF-4708671: 106.14. ± 9.71%, n = 6;

controls without PF-4708671: 80.32 ± 1.56%, n = 18, P<0.001) (Figures 4A, 3A and 7), yet

mGluR-LTD was still equivalently present in ELS rats (ELS without PF-4708671: 53.50

±3.99%, n = 18; ELS with PF-4708671: 54.96±8.75%, n = 10, P = 0.864, Student’s t-test

(Figures 4A, 3A and 7). In the presence of PF-4708671 ELS rats display significantly more

mGluR-LTD (ELS with PF-4708671: 54.96±8.75%, n = 10; Control with PF-4708671:

106.14±9.71%, n = 6, P = 0.002, Student’s t-test). These results confirmed that S6K

signaling facilitates mGluR-LTD under control conditions and consistent with prior reports,
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but S6K regulation of mGluR-LTD induction was completely lost following ELS. Similar to

our findings with CaMKII, this is consistent with our prior findings of elevated levels of

synaptic S6K activation (Bernard et al., 2013).

Role of Proteasome in mGluR-LTD induction

Proteasome mediated degradation of FMRP is a necessary process in mediating mGluR-

LTD in adult rodents (Hou et al., 2006), while in younger rodents its role may be different

(Citri et al., 2009). In order to determine if this process is still intact following ELS, we

induced synaptic mGluR-LTD in the presence of MG-132 (10 µM), a proteasome inhibitor

(control: 99.93 ± 6.05%, n = 8, ELS: 62.93 ± 7.83%, n = 6, P = 0.0025, Student’s t-test)

(Figure 4B). We confirmed earlier reports that proteasome mediated degradation is required

to induce mGluR-LTD (control without MG 132: 80.32 ± 1.56%, n = 18, control with

MG-132: 99.93 ± 6.05%, n = 8, P = 0.002, Mann-Whitey Rank Sum) (Figures 4B, 3A and

7). However following ELS, the requirement of proteasome mediated degradation,

presumably of FMRP (Hou et al., 2006), was completely lost (ELS without MG 132: 53.50

± 3.99%, n = 18, ELS: 62.93 ± 7.83%, n = 6, P = 0.484, Mann-Whitey Rank Sum) (Figures

4B, 3A and 7). This was consistent, as we have demonstrated that FMRP sub-cellular

location and signaling is altered following ELS (Bernard et al., 2013), though other proteins

important for mGluR-LTD may also be targeted for degradation.

Role of Voltage Gated Calcium channels in mGluR-LTD induction

The involvement of CaMKII in mGluR-LTD implies that a calcium source is required to

activate CaMKII. Prior studies suggestively ruled out phospholipase-C, and thus release of

calcium from internal stores (Mockett et al., 2011). In order to identify the calcium source

for mGluR-LTD, we induced synaptic mGluR-LTD in the presence of the L-type VGCC

blocker, isradipine (Ruegg and Hof, 1990; Striessnig et al., 1998). mGluR-LTD was

completely occluded in control rats in the presence of isradipine (10 µm), while mGluR-

LTD was partially occluded in ELS rats (control with isradipine: 100.44 ± 4.70%, n = 5,

ELS with isradipine: 75.67 ± 5.26%, n = 9, P < 0.009, Student’s t-test)(control without

isradipine: 80.23 ± 1.56%, n = 18, control with isradipine: 100.439 ± 4.691%, n = 5, P <

0.001, Student’s t-test)(ELS without isradipine: 53.50 ± 3.99%, n = 18, ELS with isradipine

75.67 ± 5.26%, n = 9, P < 0.005) (Figures 5A, 3A and 7). It is noteworthy that blocking

voltage gated calcium channels with isradipine normalized mGluR-LTD in ELS rats

compared to naïve controls (control mGluR-LTD without isradipine; 80.23 ± 1.56%, n = 18,

ELS with isradipine: 75.67 ± 5.26%, n = 9, P = 0.287, Student’s t-test ) (Figures 5A, 3A and

7). Taken together, VGCCs are required for mGluR-LTD induction and may underlie the

calcium source for CaMKII activation, however the necessity for VGCCs (and CaMKII) for

mGluR-LTD induction is lost following ELS.

Involvement of the mTOR pathway in mGluR-LTD induction

The mTOR pathway is widely implicated as necessary for mGluR-LTD induction (Bassell

and Warren, 2008; Ceman et al., 2003; Narayanan et al., 2007; Narayanan et al., 2008).

However, increased mGluR-LTD in ELS rats persisted in the presence of rapamycin (20

nM)(control: 96.71 ± 2.45%, n = 7, ELS: 58.09 ± 7.20%, n = 5, P < 0.0002, Student’s t-test)

(Figure 5B). As expected, rapamycin completely inhibited mGluR-LTD in control rats)
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(control without rapamycin: 80.23 ± 1.56%, n = 18, control with rapamycin: 96.71 ± 2.45%,

n = 7, P < 0.001, Student’s t-test), indicating the mTOR pathway was a necessary

component of mGluR-LTD. The requirement for mTOR activation during mGluR-LTD

induction was lost in ELS rats (ELS without rapamycin: 53.50 ± 3.99%, n = 18, ELS with

rapamycin: 58.09 ± 7.20%, n = 5, P = 0.831, Mann-Whitey Rank Sum) (Figures 5B, 3A and

7). Our prior results did not find activation of AKT, upstream of mTOR, but did find

activated S6K, downstream of mTOR (Bernard et al., 2013). Presumably, activation of S6K

removes the necessity of mTOR activation to mediate mGluR-LTD induction. However,

taken together with our other findings, pre-activation of multiple kinases results in the loss

of necessity of mTOR activation to mediate mGluR-LTD induction.

Altered phosphorylation of ERK following ELS

ERK phosphorylation has been implicated in both increased (Gallagher et al., 2004) and

decreased (Chevere-Torres et al., 2012) mGluR-LTD. Expression of ERK was not

significantly altered in ELS rats (control: 100.00 ± 29.05%, n = 11, ELS: 113.97 ± 22.50%,

n = 11, P = 0.707, Student’s t-test) (Figure 6A). However, phosphorylation of ERK was

significantly and substantially reduced in ELS rats (control: 100.00 ± 34.12%, n = 7, ELS:

28.88 ± 8.52%, n = 8, P < 0.05, Student’s t-test) (Figure 6B), suggesting ERK signaling may

be involved in altered mGluR-LTD following ELS.

MEK/ERK 1/2 involvement in mGluR-LTD induction

MEK/ERK 1/2 has been implicated in mGluR-LTD (Banko et al., 2006; Chevere-Torres et

al., 2012; Gallagher et al., 2004; Osterweil et al., 2010) therefore we used U0126, a

MEK/EKR 1/2 inhibitor, to block MEK/ERK 1/2 activity to see if its role in mGluR-LTD is

altered in the ELS model. In contrast to the prior experiments, we did not find a significant

difference between ELS and control mGluR-LTD in the presence of U0126 (control: 46.97

± 9.56%, n = 7, ELS: 68.77 ± 6.06%, n = 7, P < 0.08, Student’s t-test) (Figure 6C). Blocking

MEK/ERK activity enhanced mGluR-LTD in control rats (control without U0126: 80.32 ±

1.56%, n = 18, control with U0126: 46.97 ± 9.56%, n = 7, ELS: P < 0.01, Mann-Whitey

Rank Sum) (Figures 3A, 6C and 7). In the presence U0126, control rats displayed levels of

mGluR-LTD, similar to that observed in ELS rats in naïve conditions (ELS without U0126:

53.50 ± 3.99%, n = 18, control with U0126: 46.97 ± 9.56, n = 7, P = 0.459, Student’s t-test)

(Figures 3A, 6C and 7). Blocking MEK/ERK activity had the opposite effect on mGluR-

LTD in ELS rats, it slightly blocked mGluR-LTD (ELS without U0126: 53.50 ± 3.99%, n =

18, ELS with U0126: 68.77 ± 6.06%, n = 7, P = 0.05) (Figures 2A, 5C and 6). Taken

together with altered ERK phosphorylation (Figure 6AB), this suggests that MEK/ERK

pathway signaling was functionally altered in ELS rats.

Discussion

Our ELS model is distinct from other early life seizure models, as it does not result in

spontaneous recurrent seizures (Bernard et al., 2013). Furthermore, in the hippocampus,

there are no anatomical changes (cell loss, synaptic reorganization, spine numbers) or

changes in basal neural transmission (Cornejo et al., 2007). Despite lack of overt changes,

ELS animals have behavioral deficits in learning/memory and social tasks (Bernard et al.,
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2013; Cornejo et al., 2007; Cornejo et al., 2008). These findings led to the exploration of

synaptic plasticity and related cell signaling pathways. We have reported selectively

enhanced mGluR-LTD (NMDAR-LTD is unaffected) that is still protein synthesis

dependent. We suspect changes in mGluR-LTD are responsible for behavioral deficits

following ELS (Bernard et al., 2013). Many of these findings mimic the behavioral and

mGluR-LTD changes in the FMRP KO mouse, although mGluR-LTD in the FMRP KO is

no longer protein synthesis dependent (Nosyreva and Huber, 2006).

Prior work demonstrated that the FMRP/PP2A/S6K complex is altered in ELS rats,

correlating with unchecked mGluR-LTD (Bernard et al., 2013). Specifically, S6K is

unbound from the complex and S6K is hyperphosphorylated, specifically at synapses. We

further explored changes to the PP2A/FMRP/S6K “brake” on protein synthesis by inducing

mGluR-LTD in the presence of the S6K inhibitor PF-4708617. These results provide further

support for our previous conclusions that the PP2A/FMRP/S6K “brake” on protein synthesis

is “broken” in ELS rats and partly mediated by S6K. The S6K inhibitor blocked mGluR-

LTD in control rats, yet had no effect in ELS rats, indicating that the influence that the

PP2A/FMRP/S6K complex exerts over mGluR-LTD is disrupted. Our results also support

the concept that rephosphorylation of FMRP by S6K is a crucial step in mediating mGluR-

LTD in the normal state. Under the current schema, S6K action is bimodal to both activate

translation via S6 and to rephophorylate FMRP, causing FMRP to attach to the ribosome,

thus reinstalling the brake on protein synthesis and mGluR-LTD (Bassell and Warren, 2008;

Ceman et al., 2003; Narayanan et al., 2007; Narayanan et al., 2008; Sharma et al., 2010).

These results are therefore cautiously interpreted mechanistically, as two opposing functions

of S6K are likely blocked by the S6K inhibitor.

We then sought to disrupt the mGluR-AKT-mTOR-S6K pathway upstream of S6K by

blocking mTOR activity with rapamycin. Given the current schema, we expected rapamycin

to fully inhibit mGluR-LTD following ELS as well as in controls, as previously shown (Hou

and Klann, 2004; Potter et al., 2013; Sharma et al., 2010), as mTOR is responsible for

activating protein synthesis (Sharma et al., 2010) and also for limiting protein synthesis

(Tang et al., 2002). Our results in ELS rats were contrary to what was expected. mGluR-

LTD in the ELS model was rapamycin insensitive, similar to what is found in the FMRP KO

mouse (Sharma et al., 2010). However the mechanism by which mTOR fails to block

mGluR-LTD in each of these models is likely different, as mGluR-LTD is protein synthesis

dependent in the ELS model (Bernard et al., 2013) and protein synthesis independent in the

FMRP KO (Nosyreva and Huber, 2006). mTOR may also influence mGluR-LTD related

protein synthesis via other downstream targets. This supports multiple, redundant pathways

to activate mGluR-LTD associated protein synthesis.

Proteasome mediated degradation of FMRP is a crucial step in the induction of mGluR-

LTD. Blocking this process blocks mGluR-LTD in wild type rats, but has no effect in FMRP

KOs (Hou et al., 2006), supporting the role of FMRP degradation in mGluR-LTD induction.

Our results in control rats support previous findings, by demonstrating that blocking

proteasome mediated protein degradation blocked mGluR-LTD and confirming that

proteasome mediated degradation, presumably of FMRP, was a crucial step in mediating

mGluR-LTD. MG-132 had minimal effect on mGluR-LTD in ELS rats, similar to what is
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observed in the FMRP KO. We have detected abnormal sub-cellular distribution of FMRP

in ELS rats, away from the cytosolic compartment (Bernard et al., 2013). Therefore the loss

of the impact of FMRP degradation on mGluR-LTD is not surprising and our data suggests

that cytosolic FMRP may be the target of mGluR-LTD related degradation.

ERK and mTOR signaling are thought to function independently to control mGluR-LTD

related protein synthesis via different signaling pathways (Osterweil et al., 2010), suggesting

alterations in ERK and mTOR could independently contribute to enhanced mGluR-LTD.

Our finding of reduced ERK phosphorylation in conjunction with enhanced mGluR-LTD

following ELS is in agreement with previous reports from a TSC model that demonstrates

increased phosphorylation of ERK in combination with reduced mGluR-LTD. Further,

blocking ERK activity with UO126 rescues mGluR-LTD in a TSC model (Chevere-Torres

et al., 2012). Taken together these findings strongly implicate enhanced ERK signaling in

restricting mGluR-LTD. Altered ERK signaling in the ELS model correlates with our

previous report of altered levels of striatal-enriched protein tyrosine phosphatase (STEP) in

these rats (Bernard et al., 2013). STEP dephosphorylates ERK, preventing its nuclear

translocation and subsequent nuclear signaling (Paul et al., 2003). STEP translation is

triggered by group I mGluRs and subsequent activation of the ERK, PI3K and mTORC1

pathways (Zhang et al., 2008). Therefore it is possible that enhanced STEP expression in

ELS rats (Bernard et al., 2013), which is associated with enhanced mGluR-LTD (Moult et

al., 2006; Zhang et al., 2008), may influence altered ERK signaling.

Our results suggest that ERK’s influence on mGluR-LTD is complex. While blocking ERK

enhanced mGluR-LTD in controls, it slightly suppressed it in ELS rats. This could indicate

that there are multiple downstream targets of ERK. Some function to increase mGluR-LTD,

others to limit it. Working from this schema, our results indicate that ERK’s ability to

enhance mGluR-LTD is lost following ELS, yet its ability to limit mGluR-LTD is intact. It

is also possible that ERK phosphorylation acts as a dynamic indicator of recent mGluR

activity that may influence the amount of mGluR-LTD. In ΔRG mice (a TSC model), robust

enhancement of ERK signaling results in impaired mGluR-LTD (Chevere-Torres et al.,

2012), whereas modest activation of ERK and mTORC1 signaling in FXS model mice

results in enhanced mGluR-LTD (Hou et al., 2006; Potter et al., 2013; Sharma et al., 2010).

Increased phosphorylation at T286 and lack of increased phosphorylation at T305 (Figure 1)

indicates that CaMKII is in an optimal activation state exclusively at synapses (Figure 2).

Phosphorylation at T286 results in autonomous CaMKII activity, while unchanged T305

phosphorylation allows CaMKII activity to be further elevated via increases in intracellular

calcium. Our data extend prior reports (Mockett et al., 2011) by showing the dependence of

mGluR-LTD induction on CaMKII using a more specific inhibitor. Blocking CaMKII

activity with tatCN21 significantly blocked mGluR-LTD induction in control rats. While a

minimal amount of mGluR-LTD is still induced in control rats in the presence of tatCN21, it

is minimal and very different than in the absence of tatCN21.

Results with tatCN21 in ELS rats demonstrated that acute activation of CaMKII was no

longer required to induce mGluR-LTD (Figure 3). We speculate that due to persistently

elevated CaMKII activity in ELS rats, CaMKII has already phosphorylated the required
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substrates to facilitate mGluR-LTD prior to induction. Therefore even in the presence of a

CaMKII inhibitor, mGluR-LTD can occur. Typical substrates associated with CaMKII

signaling (Table 2) were not affected in ELS rats. It is suggested that there are unidentified

substrates that may be involved in the control of protein synthesis (see (Mockett et al.,

2011)), one attractive target is the proteasome (Bingol et al., 2010; Djakovic et al., 2009;

Jarome et al., 2013). Elevated autonomous CaMKII, as detected in ELS rats, activates the

proteasome and this may facilitate FMRP degradation, resulting in enhanced mGluR-LTD

(Hou et al., 2006).

The involvement of CaMKII in mGluR-LTD as demonstrated here and by others (Mockett

et al., 2011) implicates the importance of a calcium source in mediating mGluR-LTD.

However the identity of the calcium source for mGluR-LTD was not previously determined

(Mockett et al., 2011). We have now demonstrated that calcium influx via L-type VGCCs

was a necessary aspect of mGluR-LTD induction in control rats. In the naïve, control state,

we speculate that calcium influx via L-type VGCCs (during mGluR-LTD induction)

activated CaMKII and CaMKII proceeded to phosphorylate substrates needed to facilitate

mGluR-LTD, presumably to regulate protein synthesis. Results in ELS rats indicate that

influx of calcium via L-type VGCCs was no longer required for mGluR-LTD induction.

Further, blockade of L-type calcium channels had the largest effect in ELS rats compared to

other inhibitors. In ELS rats, given the “autonomous” state of CaMKII, as indicated by

elevated phosphorylation at T286 (and lack of increased phosphorylation at T305/306), L-

type calcium channels speculatively mediate calcium accumulations that may further

stimulate CaMKII to mediate exaggerated mGluR-LTD induction in ELS rats. However it is

equally plausible to invoke other calcium-mediated processes, presentation of CaMKII

substrates with mGluR-LTD induction that do not require maximally stimulated CaMKII, or

prior phosphorylation of substrates by “autonomous” CaMKII. The persistent

phosphorylation of these substrates may reduce the need for CaMKII and L-type VGCC

activation at the time of mGluR-LTD induction. Determining the magnitude of calcium

accumulations necessary to trigger mGluR-LTD, and thus regulate CaMKII activity and

perhaps the amount of mGluR-LTD, is an area for further study. The temporal profile of

VGCC activation, subsequent calcium accumulation and CaMKII activation may also be

crucial in determining the extent of synaptic plasticity as has been shown for LTP and

NMDAR-LTD (Malenka and Bear, 2004).

In summary, multiple pathways converge upon mGluR-LTD associated protein synthesis.

These pathways include, but may not be limited to: mTOR, S6K, the proteasome, L-type

VGCCs and CaMKII. While each may be necessary in order to induce mGluR-LTD under

normal conditions, they appear to be insufficient independently. This implies that while

these factors may normally act sequentially to mediate mGluR-LTD, this is no longer the

case after ELS. If one or more of these pathways exists in a permanently altered state of

activation, then the requirement for the involvement of each pathway is lost and excessive

mGluR-LTD is readily induced. This can occur in known genetic disruptions, such as the

FMRP KO, or in the ELS rat model here. These models mimic features of intellectual

disability and autism spectrum disorder and our work implicates these pathways in these

disorders, particularly activated CaMKII and L-type channels, which have never before been

linked to these disorders.
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Highlights

• Early life seizures (ELS) alter the induction mechanisms of mGluR-LTD in

adult rats.

• S6K, mTOR, proteasome, CaMKII and L-type VGCCs are each necessary for

mGluR-LTD.

• After ELS, these pathways are no longer required to induce mGluR-LTD.

• “Autonomous” CaMKII was upregulated synaptically after ELS.

• ERK/MEK activation regulates the amount of expression, not induction.
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Figure 1. Increased phosphorylation of CaMKII following ELS
A, ELS caused no changes in expression of total CaMKIIα. B, ELS caused significant

increases in phosphorylation of site T286 on CaMKIIα. C, ELS caused no changes in

phosphorylation of the CaMKII site T305/6. D, ELS did not change total expression of

CaMKIIβ. E, ELS caused significant increases in phosphorylation of site T287 on CaMKIIβ.

F, example western blots for CaMKIIα T286. Semi-quantitative western-blot technique

(Cornejo et al., 2007) was used to determine immunoreactivity/mg loaded protein, which

were normalized to controls (see Methods).
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Figure 2. Increased phosphorylation of synaptic CAMKII
A, CaMKIIa P-T286 was significantly elevated in the P2 fraction (control P2: 100.00 ±

18.00%, n = 7, ELS P2: 177.40 ± 27.20%, n = 9, P < 0.05, Student’s t-test), but not in the S2

fraction (control S2: 100.00 ± 16.40%, n = 11, ELS S2: 138.70 ± 35.50%, n = 12, P = 0.474,

Student’s t-test). B, mimicking this trend, CaMKIIβ P-T287 was significantly elevated in the

P2 fraction (control P2: 100.00 ± 11.60%, n = 7, ELS P2: 180.76 ± 23.88%, n = 7, P < 0.02,

Student’s t-test), but not in the S2 fraction (control S2: 100.00 ± 18.40%, n = 7, ELS S2:

103.75 ± 28.69%, n = 9, P = 0.908, Mann-Whitey Rank Sum). Semi-quantitative western-
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blot technique (Cornejo et al., 2007) was used to determine immunoreactivity/mg loaded

protein, which were normalized to controls (see Methods).
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Figure 3. Enhanced mGluR-LTD following ELS in adult rats and the altered role of CaMKII in
mGluR-LTD induction
A, Interleaved (vehicle, no inhibitor) mGluR-LTD experiments (control: 80.32 ± 1.56%, n =

18, ELS: 53.50 ± 3.99%, n = 18, P < 0.001, Student’s t-test). B, Inhibition of CaMKII by

tatCN21 (2 µM) completely blocked mGluR-LTD in control rats yet mGluR-LTD was still

present in ELS rats (control: 93.72 ± 1.31%, n = 11, ELS: 68.39 ± 1.98%, n = 10, P < 0.001,

Student’s t-test). Insets show averages of 4 fEPSPs near the numerically indicated time

points. Scale bar 0.5 mV × 15 ms. Dashed line indicates baseline; Dashed/dotted line

indicates average control mGluR-LTD (vehicle, no inhibitors from (A)) used in subsequent

Figures; Dotted line indicates average ELS mGluR-LTD (vehicle, no inhibitors from (A))

used in subsequent Figures.
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Figure 4. The role of S6K and the proteasome in mGluR-LTD induction was altered after ELS
A, The S6K inhibitor PF-4708671 (25 µM) completely blocked mGluR-LTD in controls, yet

mGluR-LTD was still present in ELS rats (control: 106.14. ± 9.71%, n = 6, ELS:

54.96±8.75%, n = 10, P < 0.01, Student’s t-test). B, The proteasomal inhibitor MG-132 (10

µM) completely blocked mGluR-LTD in controls, yet mGluR-LTD was still present in ELS

rats (control: 99.93 ± 6.05%, n = 8, ELS: 62.93 ± 7.83%, n = 6, P = 0.0025, Student’s t-test).

Insets show averages of 4 fEPSPs near the numerically indicated time points. Scale bar 0.5

mV × 15 ms. Dashed line indicates baseline; dashed/dotted line indicates average control

mGluR-LTD (vehicle, no inhibitors); dotted line indicates average ELS mGluR-LTD

(vehicle, no inhibitors).
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Figure 5. The role of L-type VGCCs and mTOR in mGluR-LTD induction was altered after ELS
A, mGluR-LTD was completely blocked in control rats in the presence of the L-type

voltage-gated calcium channel antagonist isradipine (10 µm), yet mGluR-LTD was still

present in ELS rats (control with isradipine: 100.44 ± 4.70%, n = 5, ELS with isradipine:

75.67 ± 5.26%, n = 9, P < 0.01, Student’s t-test). B, mGluR-LTD was completely blocked in

control rats in the presence of the mTOR antagonist rapamycin (20 nM), yet mGluR-LTD

was still present in ELS rats(control: 96.71 ± 2.45%, n = 7, ELS: 58.09 ± 7.20%, n = 5, P <

0.001, Student’s t-test). Insets show averages of 4 fEPSPs near the numerically indicated
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time points. Scale bar 0.5 mV × 15 ms. Dashed line indicates baseline; dashed/dotted line

indicates average control mGluR-LTD (vehicle, no inhibitors); dotted line indicates average

ELS mGluR-LTD (vehicle, no inhibitors).
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Figure 6. Reduced phosphorylation of ERK and role of ERK inhibition following ELS
A, ELS caused no changes in expression of total ERK (control: 100.00 ± 29.05%, n = 11,

ELS: 113.97 ± 22.50%, n = 11, P = NS, Student’s t-test). B, ELS caused significantly

reduced phosphorylation of ERK at Thr202/Tyr204 (control: 100.00 ± 34.12%, n = 7, ELS:

28.88 ± 8.52%, n = 8, P < 0.05, Student’s t-test). Semi-quantitative western-blot technique

(Cornejo et al., 2007) was used to determine immunoreactivity/mg loaded protein, which

were normalized to controls (see Methods). C, The MEK/ERK 1/2 inhibitor U0126 (5 µM)

did not significantly alter mGluR-LTD between ELS and controls (control: 46.97 ± 9.56%, n
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= 7, ELS: 68.77 ± 6.06%, n = 7, P < 0.08, Student’s t-test). Scale bar 0.5 mV × 15 ms.

Dashed line indicates baseline; dashed/dotted line indicates average control mGluR-LTD

(vehicle, no inhibitors); dotted line indicates average ELS mGluR-LTD (vehicle, no

inhibitors).

Bernard et al. Page 27

Neuropharmacology. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 7. Summary of mGluR-LTD experiments
* - indicates significantly different than similarly treated control; # - indicates significantly

different than naïve control mGluR-LTD (vehicle, no inhibitors); $ - indicates significantly

different from naïve ELS mGluR-LTD (vehicle, no inhibitors). Dashed line indicates

baseline; dashed/dotted line indicates average control mGluR-LTD (vehicle, no inhibitors);

dotted line indicates average ELS mGluR-LTD (vehicle, no inhibitors).
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