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Abstract

Alterations in neuronal cytosolic calcium is a key mediator of the traumatic brain injury (TBI) 

pathobiology, but less is known of the role and source of calcium in shaping early changes in 

synaptic receptors and neural circuits after TBI. In this study, we examined the calcium source and 

potential phosphorylation events leading to insertion of calcium-permeable AMPARs (CP-

AMPARs) after in vitro traumatic brain injury, a receptor subtype that influences neural circuit 

dynamics for hours to days following injury. We found that both synaptic and NR2B-containing 

NMDARs contribute significantly to the calcium influx following stretch injury. Moreover, an 

early and sustained phosphorylation of the S-831 site of the GluR1 subunit appeared after 

mechanical injury, and this phosphorylation was blocked with the inhibition of either synaptic 

NMDARs or NR2B-containing NMDARs. In comparison, mechanical injury led to no significant 

change in the S-845 phosphorylation of the GluR1 subunit. Although no change in S-845 

phosphorylation appeared in injured cultures, we observed that inhibition of NR2B-containing 

NMDARs significantly increased S-845 phosphorylation one hour after injury while blockade of 

synaptic NMDARs did not change S-845 phosphorylation at any time point following injury. 

These findings show that a broad class of NMDARs are activated in parallel and that targeting 

either subpopulation will reverse some of the consequences of mechanical injury, providing 

distinct paths to treat the effects of mechanical injury on neural circuits after TBI.

 INTRODUCTION

Phosphorylation of α-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate receptors 

(AMPARs) causes functional changes that are commonly implicated in synaptic plasticity, as 
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well as pathological signaling occurring in several disease states. Several sites on the 

individual AMPAR subunits can be phosphorylated, with the resulting phosphorylation 

controlling the localization, insertion, channel conductance, and receptor kinetics of the 

AMPAR [Wang et al., 2005; Lee, 2006]. Two specific phosphorylation sites on the GluR1 

subunit - serine 831 and serine 845 – are emerging as potentially important regulators 

defining the role AMPARs in specific neurological diseases [Fu et al., 2004; Rakhade et al., 

2008]. The activation of upstream kinases and resultant phosphorylation of S-845 and S-831 

affect trafficking and conductance of receptors containing the GluR1 subunit, and thus may 

play a critical role in the insertion of highly active CP-AMPARs in the form of GluR1 

homomers [Derkach et al., 2007].

Although alterations in intracellular calcium levels are a proximal event for both S-831 and 

S-845 phosphorylation, each has a distinct pathway that suggests two independent control 

mechanisms. Phosphorylation of the GluR1 S-831 site by one of the most abundant, calcium 

sensitive proteins (CaMKIIα) [Sheng and Hoogenraad, 2007], increases single channel 

conductance [Derkach et al., 1999] and influences GluR1 trafficking [Boehm et al., 2006]. 

Moreover, several previous studies show that CaMKIIα activity alters AMPAR mediated 

currents [Hayashi et al., 2000; Goforth et al., 2004]. Given that CaMKIIα can achieve an 

autophosphorylation state to remain active well beyond the initial calcium transient 

[Hudmon and Schulman, 2002], this means that S-831 modification may play a more 

prominent and sustained role on AMPAR function than other kinases that are inactivated 

immediately after the removal of calcium.

Alternatively, phosphorylation of the S-845 residue of the GluR1 subunit is controlled by 

cGKII [Serulle et al., 2007], a kinase activated by an increase in nitric oxide (NO) levels 

within the cytosol, and PKA, activated by the calcium dependent production of cAMP 

[Willoughby and Cooper, 2007]. Largely independent of CaMKIIα signaling, increases in 

nitric oxide levels are linked to calcium mediated activation of neuronal nitric oxide synthase 

(nNOS) or activation of endothelial nitric oxide synthase (eNOS), whereas the late rise in 

NO is attributed to inducible nitric oxide synthase (iNOS) but may also include release from 

mitochondria (mNOS) [Wojda et al., 2008; Werner and Engelhard, 2007; Bayir et al., 2007]. 

For both S-845 phosphorylation mechanisms, delivery of GluR1 subunits to the cell surface 

increases and results in an increased AMPAR activity [Serulle et al, 2007]. Similar to 

CaMKIIα mediated phosphorylation of S-831 site, the increased delivery of GluR1 

homomers may present a positive feedback loop to significantly potentiate calcium increases 

following synaptic activity, therefore leading to a rapid S-845 mediated increase in CP-

AMPARs following the initial elevations in nitric oxide or cAMP.

Our past work using an in vitro model of traumatic brain injury shows that CP-AMPARs 

appear within four hours following mechanical injury, and the targeted inhibition of these 

receptors will lead to a reduction in neuronal death 24h following injury [Spaethling et al., 

2008]. With this in vitro model of traumatic brain injury, several reports show that the initial 

mechanical injury is accompanied by an immediate increase in cytosolic calcium that is 

mediated largely by the NMDA receptor [Zhang et al., 1996; Geddes-Klein et al., 2006]. 

Activation of the NMDAR can represent a common initiation point for both NO, CaMKIIα, 

and cAMP signaling, in part due to the close physical association of CaMKIIα and nNOS 
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with the NR2B subunit [Christopherson et al., 1999; Barria and Malinow, 2005], and the 

demonstrated link between NMDAR and cAMP activity [Chetkovich et al., 1993; Wang et 

al., 2007]. Moreover, there is evidence from in vivo models of ischemia and traumatic brain 

injury that activity of each of these key signaling molecules – NO, cAMP, and CaMKIIα – is 

associated with NMDAR activation in the acute phase following injury [Griesbach et al., 

2004; Cherian et al., 2004; Folkerts et al., 2007; Atkins et al., 2007]. This has collectively 

led to our hypothesis that the regulation of CP-AMPAR appearance following mechanical 

injury to cortical neurons is primarily influenced by NMDAR activation. Recent reports 

show the relative importance of NMDAR subtype activation (e.g., NR1/NR2B, NR1/NR2A, 

NR1/NR2A/NR2B) in mediating signaling for both neuronal survival and different forms of 

neuronal death [DeRidder et al., 2006; Hardingham et al., 2002; Rameau et al., 2007], 

suggesting that the NMDA mediated regulation of CP-AMPAR insertion after mechanical 

injury may be controlled by the balance of synaptic and NR2B-containing NMDAR 

activation that occurs following mechanical injury in vitro.

We investigated the role of different NMDAR subpopulations in the enhanced expression of 

CP-AMPARs seen following in vitro mechanical injury. Moreover, we tested if these 

changes in either the phosphorylation of the GluR1 subunit or the appearance of CP-

AMPARs were mediated by NR2B-NMDAR activation, a commonly cited mechanism 

associated with neuronal death. We used immunoblotting procedures to examine the 

timecourse of S-831 and S-845 phosphorylation following in vitro mechanical injury, and 

pharmacological manipulations to determine the relative role of synaptic vs. NR2B-

containing NMDA receptors in controlling these phosphorylation changes. Finally, we tested 

if blocking either synaptic NMDARs or NR2B-containing NMDARs influenced the 

resulting appearance of CP-AMPARs following mechanical injury. Our results demonstrate 

important new regulatory mechanisms of CP-AMPAR appearance after in vitro TBI, and 

point to the utility of targeting NMDAR subpopulations for mitigating the early 

consequences of CP-AMPARs after traumatic mechanical injury.

 MATERIALS AND METHODS

 Primary Cell Culture

Animal procedures were performed in accordance with the Institutional Animal Care and 

Use Committee at the University of Pennsylvania. Primary cortical neurons were isolated 

from embryonic day 18 (E18; Charles River, Wilmington, MA) rats and 250,000 cells were 

plated on a 1.227 in2 area of poly-D-lysine (PDL; Sigma, St. Louis, MO) and Laminin (BD 

Biosciences) coated silicone membrane. The culture surface (membrane) was attached to a 

stainless steel well. The silicone substrates used (Sylgard 184 + 186 mix, Dow Corning, 

Midland, MI) were transparent, flexible, and elastic, which allowed us to mimic the 

mechanical forces that occur during traumatic brain injury [Meaney et al., 1995]. Neurons 

were cultured in Neurobasal media (Invitrogen) with B27 and Glutamax (Gibco) in a 

humidified incubator at 37°C, 5% CO2 for 18-21 days in vitro (DIV). The length of time for 

culturing was used to allow for the full expression of glutamate receptors [Lin et al., 2002; 

Hall et al., 2007], and to avoid the spontaneous calcium oscillations that can appear in 11-14 

DIV cultures. These spontaneous calcium oscillations are considered a characteristic of 
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immature neurons and will render the neurons insensitive to mechanical injury [Geddes-

Klein et al., 2006]. Moreover, published reports that show the expression profile of the 

AMPA subunits begins to plateau after 16DIV [Kumar et al., 2002; Pellegrini-Giampietro et 

al., 1991], suggesting neurons attain sufficient stable AMPAR profiles at DIV18-21.

 Drug Treatments

All compounds were solubilized in neutral buffered saline solution (NBS; in mM: 51.3 

NaCl, 5.4 KCl, 2 MgCl2, 1.8 CaCl2, 26 NaHCO3, 0.9 NaH2PO4, 10 HEPES, 0.001 TTX, pH 

7.3), added to the cells 5 minutes prior to injury, and remained on the cultures for the 

duration of the experiment unless otherwise noted. Cultures were pre-incubated with 

Ro25-6981 (1μM; Sigma) to inhibit primarily NR1/NR2B NMDARs, applied 10 minutes 

before injury and remaining in the media for a total period of 30 minutes. To inhibit synaptic 

NMDARs, cells were treated following a modified protocol published by Bengtson et al 

[Bengtson et al., 2008]. Cortical neurons were incubated for 4 minutes at 37°C in 50μM 

bicuculline methobromide. Cells were then incubated for 10 minutes at 37°C in bicuculline 

and 10μM MK801 and rinsed in 1μM tetrodotoxin (TTX) for 1hr before the injury.

 Injury

We used a previously described in vitro model of traumatic brain injury that reproduces the 

mechanical forces that occur during injury on a cultured monolayer of neurons [Lusardi et 

al., 2004]. Cultures at 18-21 days in vitro (DIV) were treated with drug or changed into NBS 

as desired, placed on a stainless steel plate, and covered with a top plate to form a sealed 

chamber. Increasing the chamber pressure to its peak level in 15 milliseconds caused the 

compliant silicone membrane to stretch, in turn applying a stretch to the cultured neurons. 

This pressurization phase was immediately followed by a release of the pressure, typically 

within 25 milliseconds of achieving the peak pressure. Although cells were cultured over a 

circular area (23 mm diameter), we designed the supporting stainless steel plate to expose 

only cells in a defined region (a 6mm × 18mm rectangular region; approximately 1/3 of the 

culture surface area) to a stretch, designing the system to provide a uniform membrane 

stretch over 95% of the surface within that region [Lusardi et al., 2004]. The membrane in 

the injured region was stretched uniaxially, where the width was extended 80% beyond its 

initial width before returning to its original dimension. After injury, cultures were returned 

to the incubator until the desired time point. We did not observe any obvious detachment of 

the cells from the membrane following stretch injury, nor did we observe any gross 

morphological changes in the cultures. This stretch level consistently causes a significant 

increase in cell death compared to unstretched controls [Spaethling et al., 2008]. Naïve 

unstretched neurons served as reference conditions for statistical comparison.

 Calcium Imaging

A group of cultures were mechanically injured and then assessed for the response in 

cytosolic calcium to an application of AMPA (10 μM) to the media. Forty-five minutes prior 

to a scheduled observation time, neurons were loaded with the calcium sensitive fluorescent 

dye, Fura-2AM in NBS (Molecular Probes, Eugene, OR; 5μM), at 37°C. Immediately prior 

to imaging, neuronal cultures were rinsed and placed on a Nikon TE300 microscope 

(Optical Apparatus, Ardmore, PA) for calcium fluorescence imaging. Both prior to and 

Spaethling et al. Page 4

Neurobiol Dis. Author manuscript; available in PMC 2016 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



following mechanical injury, cells were in NBS media. Cells were alternately excited at 340 

and 380nm using an excitation shutter filter wheel (Sutter Instruments, Novato, CA) and the 

corresponding emission images (510 nm) were collected using a 14-bit Hamamatsu camera 

(model- c4742-98; Optical Apparatus, Ardmore, PA) at a rate of one ratio image 

approximately every three seconds. The fluorescence ratio from excitation at the two 

wavelengths (F340, F380) was used to calculate the Fura ratio (R = F340/F380).

To determine the response of neurons to AMPA stimulation, a baseline set of images was 

acquired for 30 seconds prior to the addition of 10μM AMPA, a concentration selected from 

pilot studies (1μM-100μM) to avoid saturating the receptor response [Glaum et al., 1990] 

and maintain fluorescence measurements within the linear range of the Fura-2 indicator. 

Immediately following AMPA treatment, the response was captured for 2.5 minutes in the 

presence of AMPA. In each cell, we normalized the response to AMPA stimulation to its 

baseline fluorescence ratio. Cells with abnormally high baseline ratios, defined as a 

fluorescence ratio greater than 1, were excluded from analysis. Similarly, cells with an 

abnormally low baseline ratio (< .3) were also excluded from analysis. The excluded cells 

were typically less than 5% of observed cells. All cells in the field of view, averaging 

approximately 75 cells per well, were imaged across multiple wells for each experimental 

condition studied. A nested analysis of variance, with the culture well for each cell as the 

nesting variable, was used to detect significant differences across experimental conditions. 

Tukey post-hoc analysis was used for planned multiple comparisons following the ANOVA 

analysis. For all statistical conditions, p-values of less than 0.05 were considered significant.

 Western Blot

For injured samples, the marked injured region of membrane was excised from the rest of 

the culture. Neurons from that region were lysed in RIPA buffer (in mM: 10 HEPES, 200 

NaCl, 30 EDTA, 0.5% Triton X-100, pH 7.4 with complete mini protease inhibitor (Roche 

Molecular Biochemicals), 0.5 NaF, 0.1 K4P2O7, 1 NaVO4). Cell lysates were cleared by 

centrifugation at 16,000 g for 30 min at +4°C. Ten (10) μg of protein per lysate was resolved 

on 4–12% Bis-Tris NuPage gels (Invitrogen) at 150 V for 1 h 30 min then transferred to a 

polyvinylidene difluoride (PVDF) membrane (Invitrogen) at 10V overnight in transfer buffer 

(Invitrogen) containing 20% methanol. The membranes were blocked in TBST (20 mM 

Tris-HCL, 1.5 M NaCl, 0.1% Tween-20, pH 7.4) with 5% dry milk for 1 hr at room 

temperature. The blots were then incubated with primary antibodies for p-845 GluR1 

primary (Chemicon; 1:1000), p-831 GluR1 (1:500; Abcam), total GluR1 primary (Abcam; 

1:1000), and GAPDH (Millipore; 1:10,000) in TBST with 5% dry milk overnight at 4°C. 

The blots were then rinsed in TBST and incubated with horseradish peroxidase-conjugated 

anti-rabbit or anti-mouse secondary antibody (1:5000 for Rb; 1:20,000 for Ms; Amersham 

Biosciences, Piscataway NJ) for 2 h at room temperature. Blots were visualized using ECL 

detection (Pierce Biotechnology, Rockford IL). Protein bands were quantified with a 

computer assisted densitometric scanning (Kodak 1D Image Analysis Software, Eastman 

Kodak Company, Rochester, NY, USA). Averages of the intensity ratios were calculated for 

injured and uninjured groups. For comparisons between two conditions, a Student's t test 

was used (p<0.05). For comparisons of more than two groups, an analysis of variance 
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(ANOVA) was used in combination with Tukey post-hoc analysis to determine significance 

(p<0.05).

 RESULTS

 AMPAR modification and mechanical injury

Our past work showed that mechanical injury causes a transient increase in cytosolic 

calcium, lasting for less than 30 minute after injury and showing no secondary elevation for 

at least six hours after the initial injury [Spaethling, et al., 2008]. In comparison to the short 

calcium transient, the phosphorylation of CaMKIIα lasts for a much longer period following 

injury [Spaethling et al., 2008]. Past work shows that the S-831 site on the GluR1 subunit is 

one of several CaMKIIα targets, and this phosphorylation step could be an early step leading 

to the appearance of CP-AMPARs. We observed a progressive increase in CaMKIIα 

phosphorylation after mechanical injury, showing a significant increase 2h and 4h after 

injury (Fig. 1B). In parallel, we found that p-831 levels significantly increased 1hr post-

injury, and remained elevated 2 hours after injury (Fig. 1C). Four hours following injury, we 

again observed a significant elevation in S-831 phosphorylation. Total GluR1 levels 

remained constant across all time points, indicating that the observed increase in p-831 to 

total GluR1 ratio is due to the increase in phosphorylation instead of a change in total GluR1 

(Fig. 1D).

An alternative phosphorylation of the GluR1 at S-845 could also lead to the appearance of 

CP-AMPARs following mechanical injury [Serulle et al., 2007]. However, we observed no 

significant difference in p-845 levels (Fig. 2A, B) following injury relative to control, 

uninjured samples in saline solution. Although we observed a modest decrease in p-845 

levels over time in uninjured, saline-treated cultures, these changes were not significantly 

different from naïve samples. Moreover, we did not observe a decrease in GluR1 subunit 

levels in these analyzed samples, suggesting that these changes were not confounded by 

alterations in receptor subunit levels from translation or proteolysis.

 Source specificity of initiation of AMPAR modification

Given that changes in the different serine phosphorylation sites on GluR1 can regulate the 

appearance of CP-AMPARs, we next considered potential source-specific mechanisms 

regulating these changes. Several groups showed recently that calcium entering the cell 

through synaptic or extrasynaptic NMDARs lead to differential effects on neuronal survival 

or demise [Hardingham et al., 2002; Rameau et al., 2007]. We first considered if the 

mechanical injury caused a subsequent influx of calcium through either synaptic and/or 

NR2B-containing NMDA receptors, and if this pathway for calcium influx was a prominent 

contribution to the immediate changes in cytosolic calcium following injury. Past work from 

our group using this model of injury showed that moderate levels of injury (50% peak 

stretch) would lead to calcium influx that is primarily due to influx through synaptic NMDA 

receptors [Geddes-Klein et al., 2006]. At more severe injury levels necessary to cause 

neuronal death 24 hours following stretch, we found that 93% ± 14% of the initial calcium 

influx was due to influx through the NMDA receptors (Fig 3). Using a protocol for blocking 

synaptically localized NMDA receptors prior to mechanical injury, we observed a significant 
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reduction in the measured calcium influx following mechanical injury (Fig. 3). Alternatively, 

treatment of cortical neurons with an antagonist directed towards the NR2B containing 

NMDARs (Ro25-6981) also reduced the initial calcium influx from untreated controls, 

although the response remained higher than in naïve neurons (Fig. 3). The relative levels of 

cytosolic calcium increases observed after mechanical injury by blocking synaptically 

localized or NR2B containing NMDARs was not significantly different. Collectively, these 

studies show that calcium entering the neuron at this level of mechanical injury is nearly 

exclusively through NMDARs, and is divided between synaptic and NR2B-containing 

NMDARs. Therefore, both pathways may contribute to the AMPAR subunit 

phosphorylation we measured following injury.

Despite this combined contribution of synaptic and NR2B-containing NMDARs to the 

resulting calcium influx following injury, several reports show that exact source specificity is 

critical for regulating the activation of specific synaptic signaling cascades, including those 

involved in CP-AMPAR insertion [Xu et al., 2009; Jin and Feig, 2010; Cheriyan et al., 

2011]. To test the relative importance of specific calcium influx sources on AMPAR 

modification following mechanical injury, we measured the level of AMPAR 

phosphorylation following injury in either the presence of synaptic or NR2B-containing 

NMDAR blockade. In uninjured cultures, we observed some alteration in the relative 

phosphorylation of p-831 over time but none of these changes were significant (Fig. 4A). 

Inhibiting synaptic NMDARs during injury returned the p-831 level to baseline at 1hr (Fig. 

4B) indicating that synaptically sourced calcium is responsible for phosphorylation at this 

site. However, our studies on the source of calcium influx also showed that influx through 

NR2B-containing NMDARs is also significant, and recent reports associate NR2B-

containing, or extrasynaptic NMDAR activity, with adversely affecting neuronal fate 

[Papadia and Hardingham, 2007; Xu et al., 2009]. Injuring in the presence of Ro25-6981 

also resulted in a significant decrease in p-831 levels not different from baseline (Fig. 4B) 

suggesting that calcium entry through the NR2B-containing NMDAR population also 

contributes to this AMPAR phosphorylation event. Together, these data indicate that more 

than one distinct subpopulation of NMDARs will lead to alterations in S-831 

phosphorylation after injury.

Although we did not observe significant differences in p-845 levels between injured and 

uninjured cortical neurons, it is possible that the parallel activation of the synaptic and 

NR2B-containing NMDARs during mechanical injury would produce competing signals for 

S-845 phosphorylation. To test this possibility, we examine if distinct NMDAR subgroups 

contributed to the regulation of p-845 after injury. Once again, drug treatments produced 

some change in the relative p-845 phosphorylation levels over time in control cultures, but 

these changes were not significant (Fig. 5A). An isolated synaptic block of NMDARs did 

not alter the course of S-845 phosphorylation after mechanical injury (Fig. 5B). Conversely, 

Ro25-6891 treatment increased the p-845 response to injury one hour after mechanical 

injury (Fig. 5B), returning to levels not significant from saline treated cultures at 2h and 4h 

after injury.
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 NMDAR subpopulation responsible for AMPAR modification

These GluR1 phosphorylation events affect subunit localization and receptor kinetics; 

however, it was still unclear how the combination of effector kinases works together to result 

in the changes we have observed. As mentioned previously, S-831 phosphorylation is linked 

to CaMKIIα activity, and our evidence suggested that controlling CaMKIIα activation would 

lead to changes that could limit the appearance of CP-AMPARs via S-831 phosphorylation. 

Consistent with our expectations, inhibiting CaMKIIα significantly reduced, but did not 

eliminate, the observed enhanced AMPA-mediated calcium influx 4 hours post-injury 

[Spaethling et al., 2008]. Given the role of both synaptic and NR2B-containing NMDARs in 

the initial calcium transient and subsequent S-831 phosphorylation of the GluR1 subunit 

after injury, we next tested if these NMDAR populations differentially controlled the 

appearance of calcium-permeable AMPARs after stretch injury. Treating mechanically 

injured cultures with AMPA four hours after injury led to an enhanced calcium influx 

relative to uninjured cultures, similar to results from a previous study [Spaethling et al., 

2008]. Pretreatment with Joro spider toxin eliminated the enhanced calcium influx in injured 

neurons, showing that the injury led to an enhanced contribution of calcium-permeable 

AMPARs after injury. Blocking either synaptic or NR2B-containing NMDARs led to a 

significant attenuation of the AMPA-mediated calcium influx response (Fig. 6). Similar to 

reversing changes in S-831 phosphorylation, these results show that targeting subpopulations 

of NMDARs is effective in in altering early changes in AMPARs after mechanical injury.

 DISCUSSION

In this study, we examined potential changes in phosphorylation of the GluR1 subunit of the 

AMPA receptor following traumatic mechanical injury, testing if the mechanisms that would 

lead to these phosphorylation events also contributed to the appearance of calcium 

permeable AMPA receptors (CP-AMPARs) after injury. We showed that our model of 

traumatic mechanical injury activates both synaptic and NR2B-containing NMDARs at the 

moment of injury, but this activation is largely transient. Our data illustrated that stretch 

injury induces alterations at two critical GluR1 phosphorylation sites, S-831 and S-845. We 

found a significant increase in S-831 phosphorylation 1 hr following injury that was 

significantly sustained four hours after injury. In contrast, p-845 levels remain unchanged 

over time after injury. Moreover, both synaptic and NR2B-containing NMDAR populations 

were synergistic for S-831 phosphorylation, while p-845 regulation was more complex. 

Finally, pharmacological manipulations showed that both synaptic and NR2B-NMDARs 

contribute to the enhanced AMPA-mediated calcium influx following injury, suggesting a 

role for either receptor subpopulation in mediating this specific injury response. Together 

our findings provide insight into the mechanisms of how AMPAR function can be disrupted 

by injury and give multiple targets for therapeutic intervention.

Past reports highlight an emerging importance of AMPAR mediated changes following 

traumatic mechanical injury. Goforth et al. was the first to observe alterations in the AMPAR 

functions using a system similar to the one used in the current study [Goforth et al., 1999]. 

Observing an immediate loss in the normal desensitization property of AMPARs following 

stretch injury, a subsequent study showed that the loss of desensitization was mediated by 
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the NMDAR and CaMKIIα phosphorylation, similar to the role of the NMDAR and 

CaMKIIα we observe in the current study. In addition, a recent set of studies by Bell et al 

using a combined chemical and mechanical insult show that the appearance of CP-AMPARs 

in cerebellar neurons is also influenced by NMDAR stimulation [Bell et al., 2009]. Although 

examining a different regulating mechanism of AMPAR function – the PICK-1 mediated 

retention of the GluR2 subunit – these data underscore the complex mechanisms that can 

alter AMPAR function and composition after either a single mechanical or combined 

chemical/mechanical injury. Although these past studies point to the importance of the 

NMDAR in controlling AMPAR function and trafficking following mechanical injury, our 

work is the first to start discriminating among different NMDA receptor subpopulations in 

this process. Our data showing that mechanical injury can activate both synaptic and NR2B-

containing NMDARs should be considered with past work showing that less severe stretch 

levels activate only synaptic NMDARs [Geddes-Klein et al., 2006]. Collectively, these data 

suggest a continuum of NMDAR activation, progressing from synaptic to include both 

synaptic and extrasynaptic NMDARs as the level of mechanical injury gradually shifts from 

mild to more severe. Therefore, we should be careful in not extending our current results 

across all levels of mechanical injury, as it is likely that the measured phosphorylation 

changes will differ with the degree of synaptic/NR2B-NMDAR activation.

Certainly the most direct link in the literature between subunit phosphorylation and 

subsequent insertion and/or stabilization of the CP-AMPAR isoforms appears for S-845 site. 

Past work shows a relatively high fidelity of this phosphorylation step leading to the stability 

of GluR1 homomers [He et al., 2009]. NMDAR activation can lead to the production of 

nitric oxide and cGKII, which in turn can phosphorylate the S-845 site on GluR1 [Serulle et 

al., 2007]. Our data also highlights an additional interplay between NMDAR receptor 

subpopulation stimulation and GluR1 phosphorylation. Although mechanical injury does not 

lead to a significant increase in S-845 phosphorylation, our data suggests a possible complex 

interplay between NR1/NR2A and NR1/NR2B NMDARs in regulating this phosphorylation 

after stretch injury. Given the synaptic blockade and Ro25-6981 blockade produced only 

modestly different changes in the acute calcium influx, these data suggest that a significant 

fraction of NR1/NR2B receptors appear at synaptic locations. Therefore, in mechanically 

injured neurons pretreated with Ro25-6981, the NMDARs activated include the smaller 

fraction of NR1/NR2A and NR1/NR2A/NR2B NMDARs at the synapse. The significant 

increase in p-845 phosphorylation with Ro25-6981 treatment, when compared with no 

significant increase when all synaptic NMDARs were blocked, suggests that activation of 

NR2A-containing receptors is a strong stimulus to enhance phosphorylation at the S-845 

site, although the pathways responsible for this phosphorylation is not clear. Alternatively, 

when only the smaller fraction of NR1/NR2B extrasynaptic receptors is activated after 

injury with the synaptic blockade protocol, there is a modest decrease in S-845 that is not 

significant. Future studies with more specific NR2A-containing NMDAR antagonists would 

help clarify if the stimulation of only NR1/NR2B NMDARs at both synaptic and 

extrasynaptic locations would provide a counterbalance to the phosphorylation that appears 

to be triggered by activation of NR2A-containing NMDARs.

Given the prior evidence linking AMPAR changes to NMDAR activation and CaMKIIα 

phosphorylation, our changes in S-831 phosphorylation shows that the sustained activation 
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of CaMKIIα beyond the initial calcium transient observed [Spaethling et al., 2008] may be 

important in regulating AMAPR subunit changes following injury. Past studies point to the 

role of activated CaMKIIα in phosphorylating specific serine residues on the GluR1 subunit 

of the AMPA receptor, its role in delivery of AMPARs to the synapse following activation, 

and its central role in NMDA receptor mediated LTP [Barria et al, 1997; Hayashi et al., 

2000; Lisman and Zhabotinsky, 2001]. The presence and extent of CaMKIIα activation 

following traumatic brain injury in vivo was the subject of several recent investigations, with 

many showing that CaMKIIα is phosphorylated within 15-30 minutes following injury and 

is followed by a longer term reduction [Atkins et al., 2006; Griesbach et al., 2009] in the 

kinase. Interestingly, one report shows that during the acute period of activation, the 

autophosphorylated form of CaMKIIα appears in some, but not all, of the pyramidal neurons 

in the hippocampus [Folkerts et al., 2007]. These in vivo data suggest that there is an 

important early activation of CaMKIIα that could precede the AMPAR modifications that 

we studied in vitro in this report, and that this activation of the kinase may not be universal 

across all neurons within specific hippocampal subregions. Moreover, although our data 

shows a clear increase in CaMKIIα phosphorylation, we measured these changes only at 

stretch levels that would cause neuronal death after injury. The S-831 site of the GliuR1 

subunit is not a high affinity substrate for CaMKIIα, and it has been reported that 

phosphorylation at this site requires a high level of CaMKIIα activation [Barria et al., 1997]. 

Thus, it is possible that a significant overall calcium overload, possibly caused by the 

activation of both NMDAR populations, is necessary for this injury-mediated 

phosphorylation. We observe a wide range of calcium increases across the cortical neuron 

population following stretch injury, raising the additional possibility that CaMKIIα 

activation and AMPAR subunit phosphorylation after injury may vary among individual 

cells and, at a finer scale, individual synapses. Defining the threshold for consistent 

CaMKIIα activation, its spatial variation within individual neurons, as well as the 

downstream receptor subunit phosphorylation changes, would provide more detailed 

information on specific, injury severity-dependent approaches for addressing the 

consequences of this kinase activation cascade across a length scale that would span single 

synapses, dendritic branches, and neuronal ensembles.

Although CaMKIIα activity can lead to the insertion of CP-AMPARs, we are careful not to 

suggest that phosphorylation at S-831 of the GluR1 subunit alone directly leads to CP-

AMPAR surface expression. Studies show that CaMKIIα activity leads to enhanced GluR1 

surface expression, possibly through the lateral translocation of the GluR1 subunit [Oh et al., 

2006; Hayashi et al., 2000], but CaMKIIα has other non-direct pathways which lead to 

insertion of CP-AMPARs. CaMKIIα phosphorylation decreases the interaction between 

GluR1 and its PDZ-domain binding proteins [Hayashi et al., 2000] and phosphorylates a 

scaffolding protein, SAP-97, both leading to synaptic insertion of the GluR1 subunit. In 

addition, we should also consider other consequences of S-831 phosphorylation, including a 

decreased regulation of GluR1 by a binding partner, AKAP79, resulting in an increase in 

AMPA currents [Mauceri et al., 2004; Nikandrova et al., 2009]. Additionally, the activity of 

phosphatases that may dephosphorylate AMPAR subunits or their interacting proteins is an 

area that has been neglected and could clearly alter the injury-mediated effects on AMPA 

signaling. As more studies detail the exact steps that can regulate the function and subtype of 
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AMPARs following S-831 phosphorylation, these will likely lead to more points of 

intervention to control the consequences of mechanical injury to neuronal networks.

Given the available knowledge on steps leading to GluR1 phosphorylation, we evaluated if 

stretch-induced changes in S-831 phosphorylation were uniquely linked to activation of 

NMDAR subpopulations during mechanical injury. With an increasing number of 

therapeutic options to target specific NMDAR subtypes, this analysis would also provide 

insight into possible therapeutic directions for TBI treatment. Our analysis is complicated by 

the developmental expression of NMDAR subtypes in dissociated neurons, where the 

expression of the NR2B subunit dominates and NR1/NR2B heteromeric NMDARs are 

found in both synaptic and extrasynaptic locations in cultures less than two weeks after 

initial isolation and plating. As the NR2A expression increases in maturing hippocampal and 

cortical neurons, there are two new types of NMDARs – the NR1/NR2A and NR1/NR2A/

NR2B – that appear in synaptic locations. Preliminary testing of our cultures showed that 

extrasynaptic NMDARs were almost exclusively the NR1/NR2B subtype, but it was also 

evident that a proportion of NR1/NR2B NMDARs also appeared in the synaptic region. 

Thus, our pharmacological blockade of synaptic NMDARs and, separately, NR2B-

NMDARs likely produces inhibition of some overlapping NMDAR subpopulations and 

could explain why these two separate strategies produce a significant reduction in the initial 

calcium influx whose sum is greater than the initial calcium transient observed in uninjured 

cultures. Given that both strategies show equal effectiveness in reversing the effects of both 

S-831 phosphorylation and appearance of calcium permeable AMPARs, the most appealing 

option is targeting NR2B-containing NMDARs. Past work shows that inhibiting synaptic 

NMDARs will limit the pro-survival signaling through this subpopulation, and therefore the 

blockade of synaptic NMDARs may produce a net negative effect on neuronal outcome. 

Alternatively, inhibiting NR1/NR2B NMDARs with an NR2B-specific antagonist will target 

largely extrasynaptic NMDARs and therefore limit the impact on synaptically-based 

neuronal signaling. One factor that would need consideration in this approach is the possible 

emergence of NR1/NR2B NMDARs at the synapse in the traumatically injured brain [Giza, 

2006; Osteen, 2004], which would lead to unintended adverse effects NR2B antagonisms if 

the drug was delivered in the delayed postacute phase of injury. We observed excellent 

protection against neuronal death using ifenprodil, an alternative NR2B-NMDAR 

antagonist, if administered 2hr after mechanical injury in organotypic slice cultures. Future 

work could examine if this therapeutic window would also extend to inhibit the appearance 

of CP-AMPARs, an important first step in establishing the therapeutic value of this subtype 

specific approach for treating TBI.

Taken together, our data show that important early changes in the phosphorylation of the 

GluR1 subunit are mediated by both synaptic and NR2B-containing NMDARs, and the 

potential mediators of these phosphorylation steps appear as central elements in the 

appearance of CP-AMPARs following mechanical injury in vitro. Determining exactly how 

these pathways lead to the expression of CP-AMPARs and the mechanisms that regulate the 

long-term expression of these receptors will lead to a more complete approach for regulating 

their appearance in the days to weeks following injury. We have shown that AMPAR 

modification and kinase activation through NMDAR dependent initiation leads to enhanced 
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AMPAR signaling, which provides several new targets for potential therapies and further 

investigation.
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Highlights

-Mechanical injury of cortical neurons increases calcium permeable 

AMPARs (CP-AMPARs)

-Synaptic and NR2B-containing NMDARs contribute to acute calcium 

influx after injury

-Stretch induced NMDAR activation contributes to AMPAR 

phosphorylation after injury

-Synaptic and NR2B-containing NMDARs contribute to CP-AMPARs after 

injury

Spaethling et al. Page 16

Neurobiol Dis. Author manuscript; available in PMC 2016 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Sustained increase in phosphorylation of the S-831 site on the GluR1 subunit occurs 

following mechanical injury. (A) Representative blot of p-831 levels post-injury. (C1-1hr 

uninjured saline, C4-4hr uninjured saline, I1-1hr after injury, I2-2hrs after injury, 4I-4hrs 

after injury) (B) p-CaMKIIα levels increase 2 and 4 hr post-injury (n=4-8 per condition; * = 

p<0.05 compared to uninjured control) (C) In mechanically injured cultures, p-831 

normalized to total GluR1 is increased 1hr after injury and has a second rise at 4hrs post-
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injury. (n = 4-8 per condition; * = p<0.05 compared to uninjured control) (D) No change in 

GluR1 as compared to GAPDH at any time measured post-injury (n=4-8 per condition)
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Figure 2. 
Unchanged p-845 levels post-injury. (A) Representative blot of p-845 levels after injury 

(C1-1hr uninjured saline, C4-4hr uninjured saline, I1-1hr after injury, I2-2hrs after injury, 

4I-4hrs after injury). (B) Following injury there is no significant change in p-845 levels 

compared to total GluR1 levels. (n = 4-10 per condition)

Spaethling et al. Page 19

Neurobiol Dis. Author manuscript; available in PMC 2016 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Both synaptic and NR2B-containing NMDARs contribute to calcium increase after 

mechanical injury. Cultures were pretreated to inhibit synaptic (Bicuculline + MK-801), 

NR2B-containing (Ro25-6981), or all NMDARs (APV). (A) Cytosolic calcium levels were 

monitored prior to and following mechanical injury for up to 23 mins. Blocking NMDARs 

during the injury resulted in no calcium influx. Inhibiting either synaptic or NR2B-

containing NMDAR NMDARs reduces the total injured mediated calcium load. (Shown is 

average taken every 2 minutes; n = 3-5 per condition). Inset: focus on first 100s of imaging. 

(B) The area under the curves shown in (A) represents the calcium load that enters the cell. 

All treatments resulted in a significant reduction in calcium load compared to the saline 

treated injured case (*=p<0.05). (C) The peak fura ratio was compared between the 

conditions and all treatments resulted in a significant decrease compared to the saline treated 

injured case (*=p<0.05)
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Figure 4. 
Influx through synaptic and NR2B-containing NMDARs after mechanical injury contribute 

to S-831 phosphorylation post-injury. (A) Synaptic (Bicuculline + MK-801) or NR2B-

containing (Ro25-6981) NMDARs were blocked in control (uninjured) cultures and no 

changes were observed in p-831 levels. (B) These same populations were then blocked 

during the injury, isolating the effects of different NMDAR subpopulations. Using either the 

synaptic blockade protocol or Ro25-6981 eliminated the increase in p-831 levels observed 

1hr post-injury. (n = 4-8 per condition; *= p<0.05 compared to time matched drug controls)
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Figure 5. 
Effects on p-845 levels dependent upon type of NMDA activation. (A) Synaptic or NR2B-

containing NMDARs were blocked in control (uninjured) cultures and no changes were 

observed in p-845 levels. (B) Cultures treated with the synaptic block protocol (Bicuculline 

+ MK-801) had less maintenance of p-845 levels than saline treated cultures at all observed 

times post-injury. (n = 3-8 per condition). Cultures that were treated with Ro25-6981, a 

NR2B antagonist, before injury had higher levels of p-845 normalized to total GluR1 than 

their saline treated injured group 1 hr post-injury. (n = 3-6 per condition ; * = p<0.05 

compared to time matched drug controls)
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Figure 6. 
Overlapping pathways contribute to enhanced AMPA signaling post-injury. Either synaptic 

or NR2B NMDAR blockade leads to the elimination of the enhanced calcium response due 

to CP-AMPARs (n=4-8 per condition; *=p<0.05 compared to saline, injured cultures)
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