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(Background: The NMDA receptor mediates stretch-induced calcium influx and resulting neuronal excitotoxicity.
Results: Calcium influx through NMDA receptors following stretch is reduced in cultures expressing NR2B C-terminal

Conclusion: Mechanosensitivity of NMDA receptors is dependent on the NR2B subunit and PKC activity at the NR2B C

Significance: These data provide insight into NMDA receptor subtype-specific mechanisms that dictate response to neuronal
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N-Methyl-p-aspartate receptors (NMDARSs), critical media-
tors of both physiologic and pathologic neurological signaling,
have previously been shown to be sensitive to mechanical
stretch through the loss of its native Mg>* block. However, the
regulation of this mechanosensitivity has yet to be further
explored. Furthermore, as it has become apparent that
NMDAR-mediated signaling is dependent on specific NMDAR
subtypes, as governed by the identity of the NR2 subunit, a cru-
cial unanswered question is the role of subunit composition in
observed NMDAR mechanosensitivity. Here, we used a recom-
binant system to assess the mechanosensitivity of specific sub-
types and demonstrate that the mechanosensitive property is
uniquely governed by the NR2B subunit. NR1/NR2B NMDARs
displayed significant stretch sensitivity, whereas NR1/NR2A
NMDARs did not respond to stretch. Furthermore, NR2B
mechanosensitivity was regulated by PKC activity, because PKC
inhibition reduced stretch responses in transfected HEK 293
cells and primary cortical neurons. Finally, using NR2B point
mutations, we identified a PKC phosphorylation site, Ser-1323
on NR2B, as a unique critical regulator of stretch sensitivity.
These data suggest that the selective mechanosensitivity of
NR2B can significantly impact neuronal response to traumatic
brain injury and illustrate that the mechanical tone of the neu-
ron can be dynamically regulated by PKC activity.

N-Methyl-p-aspartate receptors (NMDARs)? are glutamate
receptors whose activation is important for the proper health
and maintenance of neurons and neuronal networks (1-3).
Functional NMDARs are usually comprised of two NR1 sub-
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units and two subunits from the NR2 family (NR2A, NR2B,
NR2C, and NR2D) (4, 5). The relative composition of expressed
NMDARSs varies throughout brain regions (6), changes over
neural development (6 — 8), and directs the activation of selec-
tive signaling networks through the unique coupling of proteins
to the C terminus of each NR2 subunit (9-12). Proper regula-
tion of receptor activity is vital, because excessive activation of
NMDARs is the primary mediator of excitotoxic cell death in
numerous disease states (13—16), whereas the tonic synaptic
activation of the receptor can stimulate key neuronal survival
programs (3, 17). Although the competing roles of the NMDAR
lead to a more complex view of how NMDAR stimulation
directs physiological processes including synaptic plasticity (18,
19), dendritic growth (20), and recovery from injury (1, 13, 21),
this more complete view provides new opportunities for devel-
oping directed NMDAR-targeted therapies. Several recent
papers show that it is possible to use the molecular diversity of
the NMDAR, including the selective action or blockade of spe-
cific receptor subpopulations, to promote necessary mainte-
nance of neural circuits (22), minimize the overactivation of
pathological pathways (16, 23), and effectively treat neurologi-
cal disease (24—27).

The NMDAR is considered by many as one of the common
mediators for the acute and progressive events that occur fol-
lowing traumatic brain injury (TBI) (21, 28 —32). Based partly
on studies showing an increased glutamate concentration in the
extracellular space (28, 33-35), many consider TBI an exten-
sion of glutamate excitotoxicity. However, TBI has an impor-
tant and unique mechanical etiology that can contribute to the
heterogeneity of the disease in the clinical population. More-
over, the mechanical causality of TBI appears at the molecular
level of the NMDAR. The NMDAR is mechanosensitive and
expresses a unique switch in behavior following mechanical
stimulation. Specifically, rapid neuronal stretch induces a per-
sisting loss in the voltage-dependent Mg>" block of NMDARs
(36). Similar to a phosphorylation event or proteolysis, the
mechanical event can function as a distinct regulator of
NMDAR function. However, no data exist that describe how
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this mechanically initiated switch in NMDAR behavior is reg-
ulated among its receptor subunits. The diversity in the
dynamic mechanosensing properties of NMDAR subtypes may
prove important in understanding the post-acute regulation of
neuronal homeostasis after traumatic mechanical injury, simi-
lar to how the diversity in NMDAR composition has led to a
more complete understanding of signaling occurring after exci-
toxicity (15,27, 37). Finally, identifying the potential domains of
regulation across NMDAR subunits or, alternatively, within
individual subunits will inform how normal physiological sig-
naling acting upon the receptor can potentially augment the
mechanical tone of NMDAR:s.

In this report, we systematically characterize the direct
effects of mechanical stretch on calcium influx through the
NMDAR. We examine key regulatory mechanisms of mecha-
nosensitivity and test whether there are crucial domains on
subunits that control this sensitivity to stretch. Together, our
data reveal that dynamic mechanosensitivity of NMDAR:s is con-
trolled by the intracellular domain of the NR2B subunit, in which a
PKC-mediated phosphorylation site, Ser-1323, is critical for NR2B
stretch sensitivity. Given the prominent role of NR1/NR2B
NMDARSs controlling neuronal fate in models of neurological dis-
ease, this points to a likely pathway whereby mechanical force is
transferred into subunit-specific signaling cascades after mechan-
ical trauma and influences cell fate after injury.

EXPERIMENTAL PROCEDURES

Cell Culture—HEK 293T cells (ATCC) were cultured and
maintained with DMEM with L-glutamine supplemented with
5% fetal bovine serum in a humidified incubator at 37 °C and 5%
CO.,,. For experimentation, HEK 293 cells were plated onto a
transparent silicone substrate (Sylgard 184 + 186 mix). These
membranes were attached to stainless steel wells, leaving an
exposed area (area — size of a single well from a 24-well plate) of
membrane for plating. Following sterilization, the membranes
were coated with poly-p-lysine (0.01 mg/ml) for 1 h, rinsed with
sterile water, and coated with laminin (10 ug/ml) for 1 h. After
the membranes were rinsed again, HEK 293 cells were plated at
1:20 dilution from a fully confluent flask.

For primary cortical cultures, cortical neurons were isolated
from day 18 embryonic rats and plated on poly-p-lysine-coated
silicone membranes at a density of 0.3 million/ml. The cultures
were plated in minimum essential medium with glutamax +
10% horse serum, which was removed at 24 h and replaced with
neurobasal (Invitrogen) + B-27 supplement (Invitrogen). At
24 h after plating, the cells were treated with AraC (1 um) to
prevent the growth of astrocytes. AraC was removed at 3 days in
vitro, and the cells were cultured in a humidified incubator at
37 °Cand 5% CO,. Primary cortical cultures were used at 12—15
days in vitro, an age that contains a diverse content of NMDAR
subtypes.

Plasmids—NR1a, NR2A, and NR2B c¢cDNA plasmids were
obtained and subcloned from rat brain library as previously
described (38 —40). The NR2B-1036X and NR2B-1433X trun-
cation mutants were generated by replacing fragments of wild
type NR2B and introducing a stop codon at amino acid 1037
(41) and 1434, respectively, by PCR. Using wild type NR2B in
the PRK7 vector as a template, the NR2B point mutants SI303A
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and S1323A were made using the PCR-based site-directed
mutagenesis kit by Stratagene (Agilent Technologies). The
mutations were verified by DNA sequencing through the
Nucleic Acid/Protein Research Core at Children’s Hospital of
Philadelphia. Plasmid encoding GFP-PSD95 was a generous gift
supplied by Dr. David Bredt.

Transfection—HEK 293 cells were transfected 24 h after plat-
ing with Lipofectamine 2000 according to the product instruc-
tions. All of the cultures were transfected with GFP-tagged
PSD95 to provide a visual marker of successful transfection.
The total amount of DNA transfected per well was held con-
stant over all conditions (0.8 ug/well). Because of the tonic
vesicular release of glutamate in HEK 293 cells, the cells were
transfected in the presence of the NMDA antagonist APV (Sig-
ma-Aldrich; 100 um) throughout the transfection period and
until the time of plating. For cultures transfected with NR1 and
NR2 subunits, the ratio of transfected DNA was 2:1:1 (GFP-
PSD95:NR1:NR2). This ratio did not vary for any of the mutant
NR2 subunits.

NMDAR Mechanosensitivity—Transfected HEK 293 cells
were used 1620 h after transfection. The cultures were incu-
bated with the fluorescent calcium indicator, Fura 2AM (5 um;
Invitrogen), in controlled saline solution (126 mm NaCl, 5.4 mm
KCl, 2 mm MgCl,, 1.8 mm CaCl,, 10 mm HEPES, 25 mm glucose)
supplemented with 100 um APV for 40 min at 25 °C. Cultures
were placed in an apparatus that would apply a brief pressure to
the exposed cell culture, and the membrane would deform in
proportion to the applied pressure (42). We used the amount of
membrane deformation (40%) as a measure of the mechanical
input delivered to the HEK 293 cells. In a separate group of
cultures, we used a 100 um NMDA application to evaluate the
response of transfected cells to agonist. All of the cultures were
imaged continuously before and after the mechanical or chem-
ical insult, collecting images at the emission fluorescence of 510
nm that appeared when cultures were alternately excited at 340
and 380 nm every 3 s. A pair of emission images from each
wavelength was used to generate a Fura ratio (340 nm/380 nm)
image at each time point. The cultures were imaged for 30 s
before stimulation and up to 3 min following stimulation. Fol-
lowing Fura imaging, the cells were excited at 488 nm to detect
the presence of GFP within the cells. The GFP signal was not
detected during the 340- or 380-nm excitation during Fura
imaging.

For testing stretch sensitivity of primary cortical neurons, the
test protocol remains the same, with one primary difference.
Cortical neurons were incubated with Fura 2AM, prior to stim-
ulation for 40 min at 37 °C in saline solution (51.3 mm NaCl, 5.4
mm KCl, 2 mm MgCl,, 1.8 mm CaCl,, 26 mm NaHCO,, 0.9 m
NaH,PO,, 10 mm HEPES, 25 mm glucose) without the addition
of APV. The cultures were alternatively left untreated or treated
with APV (25 um) to block all NMDARs, Ro-256981 (1 uM) to
block NR1/NR2B, bafilomycin A1 (500 nm) to inhibit glutamate
vesicle refilling, tamoxifen citrate (20 um) to inhibit PKC, or
PMA (500 nm) to activate PKC. To block only synaptic
NMDARs, cultures were treated with bicuculline and MK801
as previously described (1, 29).

Data Analysis—Stimulation of HEK 293 cells and primary
neurons were analyzed using MetaMorph to quantify the
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extent of calcium influx following injury or NMDA stimulation.
Traces of Fura ratio (F340/F380) over time were collected for all
GEFP-positive cells. Cells with a baseline Fura ratio of greater
than 0.95, indicating an elevated initial calcium level, were
excluded from analysis. The response was quantified for each
individual cell by calculating the peak fractional change in Fura
ratio poststimulation over the average baseline ratio prestimu-
lation ((Fpeakc = Fraseline)/Fhasetine)- 10 normalize data, the peak
response for each cell was normalized by the peak response for
the NR1/NR2B group for the given stimulation, either stretch
or NMDA. A minimum of four to six separate cultures was used
for each experimental group. Significance between groups was
determined with a one-way analysis of variance and post hoc
Tukey’s test.

RESULTS

Subunit Composition of NMIDAR Influences Mechanosensiti-
vity—Following dynamic 40% stretch of NMDAR transfected
HEK 293 cells, we observed two different calcium responses: 1)
a significant and gradual rise in cytosolic calcium, indicated by
a relative increase in the Fura-2 fluorescence ratio, which
occurred and plateaued within the first 2 min poststretch, and
2) no significant increase in the relative Fura-2 ratio. We did not
observe any stretch-induced calcium increase in nontrans-
fected cells, indicating that the stretch level was not sufficient to
cause the formation of nonspecific, transient pores in the
plasma membrane (data not shown). Moreover, cells trans-
fected with only GFP-PSD95 showed little to no change in
intracellular calcium, indicating that a functional NMDAR was
necessary to elicit a response following mechanical stimulation.

Cells were transfected with GFP-PSD95 alone or along with
NR1 and NR2A (NR1/NR2A) or with NR1 and NR2B (NR1/
NR2B). NR1/NR2B NMDAR-expressing cells respond to the
stretch stimulus with an immediate rise in intracellular cal-
cium, whereas cells expressing NR1/NR2A do not show a
stretch-induced calcium rise (Fig. 1). Quantified, the normal-
ized peak percentage of change in the calcium signal was signif-
icantly greater in NR1/NR2B-transfected cells compared with
GFP-PSD95 control (p < 0.05), whereas transfection of NR1/
NR2A was not different from control (Fig. 1D) (means = S.E.:
NR1/NR2B, 1.0 = 0.03; NR1/NR2A, 0.14 = 0.01; GFP-PSD95,
0.19 = 0.02). Although NR1/NR2A- and NR1/NR2B-trans-
fected cells display differential response to stretch, cells trans-
fected with the different subunits respond similarly to the appli-
cation of 100 um NMDA (Fig. 1E) (NR1/NR2B, 1.0 = 0.03;
NR1/NR2A, 0.90 * 0.03; GFP-PSD95, 0.01 = 0.01). These data
suggest that, among the common diheteromeric forms of the
NMDAR expressed in the cortex and hippocampus, the NR1/
NR2B NMDARs are significantly more sensitive to mechanical
stretch than NR1/NR2A NMDARs.

With this new information on the subunit selectivity of the
NMDAR response to mechanical stretch, we tested the relative
contribution of NMDAR subtypes to stretch injury in cortical
neurons. Expression of NMDAR subtypes changes over time in
dissociated cortical neurons. NR1/NR2A, NR1/NR2B, and
NR1/NR2A/NR2B NMDARs contribute to a mixed pool of
NMDAR subtypes in synaptic locations, whereas NMDARSs at
extrasynaptic NMDARs are either NR1/NR2A/NR2B or NR1/
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NR2B NMDARSs. For these studies we used a protocol that
blocks the synaptic NMDAR pool using the sequential applica-
tion of bicuculline to produce bursts of action potential firing in
the culture network followed with MK-801 treatment to non-
competitively block the ion channel of NR1/NR2A, NR1/NR2B,
and NR1/NR2A/NR2B NMDARs (1). In our cultures, bicucul-
line + MKB801 pretreatment led to a significant reduction in
calcium influx after 100 uM NMDA stimulation (0.14 %+ 0.02 of
untreated, NMDAR-stimulated cultures; p < 0.01). The
remaining population of NMDARSs after bicuculline + MK-801
pretreatment was dominated by NRI1/NR2B NMDARs,
because treatment of these cultures with the highly specific
NR2B antagonist Ro 25-6981 treatment nearly eliminated the
NMDA-mediated calcium influx (0.03 * 0.01 relative to
untreated controls; Fig. 24), suggesting that in our cultures, the
extrasynaptic NMDAR pool mostly consists of NR1/NR2B
NMDARs. Thus, the bicuculline and MK801 pretreatment
offers the advantage of pharmacologically isolating the most
mechanically responsive NMDAR subtype (NR1/NR2B)
directly in cortical neurons. When mechanically injuring corti-
cal cultures, our data show that significant initial calcium influx
occurs through extrasynaptic NR1/NR2B NMDARs (Fig. 2B).
These extrasynaptic NR1/NR2B NMDARs have a larger contri-
bution to the overall calcium influx following stretch compared
with NMDA stimulation (Fig. 2, A and B) (stretch, 0.41 * 0.02;
NMDA, 0.17 = 0.03, p < 0.05). However, synaptic NMDARs
also contribute to the calcium influx following stretch, likely a
result of stretch-induced presynaptic glutamate release. Fur-
ther, the relative calcium influx in cortical neurons to stretch
injury was completely blocked with APV pretreatment (0.06 =
0.004; Fig. 2B), demonstrating that glutamate binding is neces-
sary for stretch-induced calcium influx in neurons.

To address the role of presynaptic release further, we blocked
synaptic vesicular refilling with bafilomycin Al pretreatment
and observed a significant reduction in the stretch response
(0.10 £ 0.003; Fig. 2C), where the response was not significantly
different from APV-treated cultures. These data demonstrated
a clear role for presynaptic glutamate release in initiating
NMDAR-mediated calcium influx following stretch. There-
fore, we conclude that injury-induced calcium influx in cortical
neurons is mediated by glutamate release and the stretch-in-
duced sensitivity of NR2B-containing NMDAR:s.

Triheteromeric NMDARs Express Intermediate Mechano-
sensitivity—To assess the mechanosensitivity of triheteromeric
NR1/NR2A/NR2B NMDARs, HEK 293 cells were transfected
with plasmids for GFP-PSD95, NR1, NR2A, and NR2B. Inter-
estingly, the stretch response of cells expressing the combina-
tion of both the NR2A and NR2B subunits was significantly
decreased from those expressing NR1/NR2B (NR1/NR2A/
NR2B, 0.70 = 0.03; NR1/NR2B, 1.0 = 0.06; p < 0.05) but was
not diminished to levels seen for NR1/NR2A (Fig. 34). The
response to mechanical stretch was distinct from the chemical
agonist response, because 100 um NMDA stimulation pro-
duced a calcium response in triheteromeric NMDARs that was
not different from the NR1/NR2B receptor combination (Fig.
3B). One possibility that could lead to an uncertain interpreta-
tion of triheteromeric receptor experiments was that functional
receptors in these transfected cultures could be composed of
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FIGURE 1.NR1/NR2B NMDARs are more sensitive to stretch than NR1/NR2A. HEK 293 cells, plated on flexible membranes, were transfected with GFP-PSD95
alone, or along with NR1 and either NR2A or NR2B. A, representative images of transfected cells, pre- and poststimulation, that were stimulated by either 40%
stretch (left) or 100 um NMDA (right). Band C, average Fura ratio, representing intracellular calcium, following stretch (B) or NMDA stimulation (C), demonstrates
that although NR1/NR2B- and NR1/NR2A-expressing cells have a similar response to NMDA, stretch-induced calcium influx is greater in NR1/NR2B-expressing
cells. D, the average peak fractional change in Fura ratio, normalized to the NR1/NR2B response, following stretch demonstrates significant stretch sensitivity
in NR1/NR2B-transfected cells (¥, p < 0.05 compared with GFP-PSD95), whereas NR1/NR2A stretch responses are not different from control GFP-PSD95
responses. E, normalized response to NMDA stimulation was similaramong NR1/NR2A and NR1/NR2B-transfected cells (*, p < 0.05 compared with GFP-PSD95).

mixture of diheteromeric and triheteromeric receptor combi-
nations. To address this uncertainty, we treated NR1/NR2A/
NR2B-transfected cultures with Ro25— 6981 (20 um), an antag-
onist that blocks NR1/NR2B receptors but has minimal effect
on triheteromeric receptors (43). In both mechanical and
chemical stimulation experiments, pretreatment with Ro
25-6981 produced no significant differences in comparison
with untreated triheteromeric cultures. Thus, we can conclude
that NR1/NR2A/NR2B NMDARs display an intermediate form
of mechanosensitivity, between that of NR1/NR2A and NR1/
NR2B receptors.

We next tested whether the stretch sensitivity of NR1/NR2B
NMDARs can be modulated by alternatively blocking two
modes of receptor activity: glutamate binding or ionic flux
through the channel pore. NR1/NR2B transfected cultures
were stimulated with or without the pretreatment of NMDAR

pCEEVEN
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antagonists APV (200 um) and MK801(50 ). Pretreatment of
cultures with APV, a competitive NMDAR antagonist that
inhibits glutamate binding on the NR2 subunit, led to no signif-
icant stretch response. In comparison, pretreatment of cultures
with MK801, which binds to and blocks the channel pore,
resulted in a significant decrease in calcium response compared
with untreated NR1/NR2B-transfected cells (Fig. 4A). Further,
significant differences among the cumulative distributions of
individual responses demonstrated that antagonism increases
the amount of “nonresponding” cells after stretch (Fig. 4B). In
comparison, APV pretreatment decreased the stretch response
significantly more than MK801 (NR1/NR2B + APV, 0.07 *
0.02; NR1/NR2B + MK801, 0.27 = 0.04; p < 0.05) and further
reduced the number of responding cells, as measured by the
differential response distributions among antagonists. Both
APV and MK801 completely eliminated the NMDA response
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FIGURE 2. Mechanoactivation of NMDARs in cortical neurons. NR1/NR2B
NMDARs in primary cortical neurons were isolated by pretreating cultures
with bicuculline methiodide (10 um) in the presence of MK-801 (50 um), a
technique to block NR1/NR2B, NR1/NR2A, and NR1/NR2A/NR2B NMDARs at
the synapse. A, calcium response following 100 um NMDA stimulation (inset,
Fura traces immediately following NMDA stimulation (arrow)) in untreated
neurons (black) and neurons pretreated with synaptic block protocol (dark
gray) or synaptic block and Ro-256981 (1 um) (light gray). The response was
significantly reduced in cultures with synaptic block and abolished in synap-
tically blocked cultures that were concurrently treated with Ro 25-6981 (*, p <
0.05 compared with untreated; #, p < 0.05 compared with synaptic block
alone), demonstrating that nearly all extrasynaptic NMDARs were of the NR1/
NR2B subtype. B, calcium response following stretch (inset, Fura traces imme-
diately following stretch (arrow)) was measured in untreated neurons (black)
and neurons pretreated with synaptic block protocol (dark gray) or APV (25
um) (light gray). The response was reduced, but not eliminated, in cultures
with synaptic block (*, p < 0.05 compared with untreated) and was abolished
in APV treated cultures (¥, p < 0.05 compared with untreated; #, p < 0.05
compared with synaptic block), demonstrating that extrasynaptic NR1/NR2B
NMDAR:s significantly contribute to the stretch response in neurons. C, cul-
tures pretreated with bafilomycin A1 (500 nm) to block vesicular refilling
showed no significant difference in calcium influx when compared with cul-
tures pretreated with APV. Both APV- and bafilomycin-treated cultures were
significantly different from untreated controls (¥, p < 0.05).

to levels not different from responses from cells transfected
with only GFP-PSD95 (Fig. 4, C and D).

NR2B C-terminal Tail Confers Mechanosensitivity—The
NR2A and NR2B subunits share ~70% homology (44) but con-
tain important differences in the sequence and structure of
their C-terminal tails. These differences are important in dic-
tating subunit-specific functions of receptors, leading to differ-
ential cytoskeletal anchoring, protein binding, and association
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Treatment with Ro 25-6981 did not alter the response of NR1/NR2A/NR2B-
transfected cells, suggesting that expressed NMDARs in these cells are pri-
marily triheteromeric.

in signaling complexes (10 -12, 45— 48). We examined whether
the C-terminal tail of the NR1/NR2B receptor confers the
observed mechanosensitivity of the receptor by studying the
response of recombinant receptors composed of NR2B trunca-
tion mutants. One key regulatory domain is the distal region of
the C-terminal tail, which contains the binding domain for
PSD95. However, cells expressing NR2B-1433X, an NR2B trun-
cation mutant that eliminates only the distal portion of the
C-terminal tail, did not display any difference in mechanosen-
sitivity compared with wild type NR2B (Fig. 5A4). Cells that
express NR2B-1036X, which eliminates the majority of the C
terminus including numerous cytoskeletal binding sites and
phosphorylation sites, displayed a significantly reduced level of
mechanosensitivity (NR1/NR2B, 1 = 0.08; NR1/NR2B-1036X,
0.43 = 0.05, p < 0.05) (Fig. 5C). Neither mutant displayed a
difference in the chemical agonist response (100 umM NMDA)
when compared with the NR1/NR2B wild type (Fig. 5, Band D).
Importantly, the reduced mechanosensitivity of the truncation
mutant compared with wild type NR2B was evident even in
experiments where PSD-95 was not included (Fig. 5, E and F).
These data suggest that the intermediate region of the NR2B C
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terminus between amino acids 1036 and 1433 confers NR2B
mechanosensitivity but does not affect the normal agonist
response of the receptor.

Regulation of NR2B Mechanosensitivity by PKC Phosphory-
lation Site on NR2B—The identified mechanoregulatory
domain of the NMDAR (amino acids 1036 -1433) contains
numerous phosphorylation sites that can influence receptor
function (16, 49). Among these phosphorylation sites are Ser-
1303 and Ser-1323, which are phosphorylated by PKC. PKC has
been shown in previous studies of NMDAR mechanoactivation
to partially restore the injury-induced loss of Mg*" block
observed after injury (36). Thus, we examined the role of PKC
activity in both primary cortical cultures and NR1/NR2B-trans-
fected HEKSs. In primary cortical neurons pretreated with 20 um
tamoxifen citrate, an inhibitor for PKC binding to its substrates,
the response to mechanical stretch was nearly eliminated (Fig.
6, A and B). Pretreatment with a PKC activator, PMA (500 nm),
did not change the injury mediated response in primary neu-
rons. In response to 100 um NMDA, PMA treatment slightly
enhanced the calcium response, in agreement with previous
reports, whereas PKC inhibition had no effect (Fig. 6C). Sim-
ilar results were seen when PKC activity was modulated in
NR1/NR2B-transfected HEKs. Tamoxifen citrate pretreat-
ment significantly decreased the stretch response when
compared with untreated cells (tamoxifen, 0.13 = 0.01;
untreated, 1 = 0.04; p < 0.05), whereas pretreatment with
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PMA had no effect (Fig. 6D). In response to 100 um NMDA
in transfected HEKs, PMA-treated cells displayed a slightly
reduced response, whereas tamoxifen produced no change
(Fig. 6E). It is important to note that neither PKC activation
nor inhibition significantly altered baseline calcium levels in
transfected HEKs or cultured neurons. Thus, in agreement
with previous reports of NMDAR mechanoactivation, PKC
activity is observed to be crucial for the mechanical stimula-
tion of NR1/NR2B NMDARSs.

To examine whether the observed PKC dependence of NR2B
mechanoactivation was mediated through the PKC phospho-
rylation sites, two plasmids encoding NR2B point mutations
were generated where each contains a serine to alanine point
mutation at these residues. Expression of NR2B-S1303A in
HEK cells produced no change in observed calcium influx,
compared with cells expressing wild type NR2B, after stimula-
tion with stretch or 100 um NMDA (Fig. 7, A and B). However,
expression of NR2B-S1323A significantly decreases the stretch
response compared with wild type NR2B (Fig. 7C) (NR1/NR2B,
1+ 0.04; NR1/NR2B-S1323A, 0.42 * 0.03, p < 0.05). Response
to 100 uMm NMDA, however, was not different with the NR2B-
S1323A recombinant receptor (Fig. 7D). These results establish
that Ser-1323 on NR2B is a necessary determinant for NR2B
mechanosensitivity, providing an intriguing mechanism for
potentially augmenting the mechanical tone of NMDARSs.
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DISCUSSION

In this report, we examine the mechanisms regulating the
dynamic mechanosensitivity of the NMDAR. Using a recombi-
nant system, we showed that the mechanosensitivity of the
NMDAR is prominently regulated by the NR2B subunit. Fur-
thermore, we identified that the NR2B C-terminal tail and a
known PKC phosphorylation site significantly controls mecha-
nosensitivity. This suggests that PKC-mediated phosphory-
lation of NR2B can influence mechanical tone of the NMDAR,
similar to how post-translation modifications can alter receptor
activity.

Models Used to Evaluate NMDAR Mechanosensitivity—
These data build on previous studies of the mechanical respon-
siveness of the NMDAR conducted by Casado, M., and Ascher
(50) and Paoletti and Ascher (51) and are linked to studies con-
ducted by Zhang et al. (36) in the same time period. Using a
series of isolated membrane patch samples, Ascher and col-
leagues showed that membrane tension is a primary factor that
influences NMDAR mechanosensitivity. Partly because the
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mechanical input in these past experiments was transferred
through the plasma membrane by applying positive or negative
pressures to the isolated patch, these past studies showed little
role for the intracellular domains of either the NR2A or NR2B
subunits in modulating the measured mechanosensitivity (50).
Moreover, any effect of slowly applied membrane tension was
reversible when the mechanical perturbation was removed.
Rather than using slowly applied membrane expansion or con-
traction of membrane patch samples, our studies more closely
resemble the work by Zhang et al. (36), who exposed cells
adhered to a flexible membrane to a single dynamic stretch. We
estimate that our model, along with that used by Zhang et al,, is
different from the Ascher model because mechanical forces are
exerted on NMDARs through both the plasma membrane and
indirectly through the intracellular domains coupled to the
cytoskeleton. Unlike the Ascher studies, this dynamic pertur-
bation causes an irreversible change in the physiological prop-
erties of the NMDAR, leading to a persisting calcium increase
and, in primary neurons, an altered response to NMDA (36).
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Our studies extend this past work by evaluating subunit spec-
ificity and regulation of NMDAR mechanosensitivity. We elim-
inated the potential complicating factors caused by studying
mechanical stretch in cortical neurons by investigating mecha-
nosensitivity on recombinant receptors in a well characterized
expression system (41, 52—55). Potential confounding factors in
cortical neurons include the enhanced or rapid release of glu-
tamate vesicles in the presynaptic bouton after stretch, the
transient impairment of glutamate uptake by astrocytes, or the
physical widening of the synaptic cleft caused by mechanical
stretch—all of which can mask the observation of the direct
stretch effect on the NMDAR. Our recombinant receptor
approach also avoids the complications from blocking different
receptor populations in primary neurons with antagonists,
some of which are known to have only modestly higher affinity
for different subunits (56). Where appropriate, however, we

A
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exposed cortical neurons to mechanical injury and test specific
conclusions from our recombinant receptor work.

NR2B Mechanosensitivity Regulated by Intracellular C-ter-
minal Tail—These data show that the NR2B intracellular
domain is a critical regulator of mechanosensitivity. Past work
demonstrates that cytoskeletal destabilization in cultured neu-
rons significantly reduces the stretch response (29). Although
both NR2A and NR2B contain cytoskeletal binding sites, NR2B
is thought to be more strongly tethered through its binding of
a-actinin (48) and spectrin (47). The most distal region of the
NR2B subunit, containing the PSD-95 binding motif, only mod-
estly affects the mechanical responsiveness of the recombinant
NR1/NR2B receptor. Although this binding motif is critical for
direct signaling of NR2B-containing NMDARs to different sig-
naling networks, the predominant control of mechanosensitiv-
ity appears elsewhere. Although further studies are necessary to
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NR1/NR2B response).

conclusively elucidate the role of PSD-95 during stretch, a
potential role for PSD-95 to mitigate the stretch response and
act as a “mechanical clutch” would provide additional insight
on the potential differential mechanosensitivity among synap-
tic, extrasynaptic, and even presynaptic NMDARs.

Indeed, much of the control occurs within the intracellular
domain (amino acids 1036 —1433) of NR2B that we have iden-
tified as a critical region in defining NR2B mechanosensitivity.
However, the loss of stretch sensitivity in truncated NR2B-ex-
pressing receptors was not complete and suggests that residual
stretch sensitivity may be due to force transfer through the
remaining C-terminal tail or through the plasma membrane.
One intriguing possibility, for further study, is the potential
regulation of mechanosensitivity by alternatively spliced cas-
settes in NR1. In our studies we utilized NR1a, which contains
all alternatively spliced regions, but there is evidence that alter-
natively spliced cytoplasmic regions of NR1 are responsible for
tethering to neurofilament (57) and microtubule filaments (58),
providing a mechanism for different NR1 splice variants to
exhibit differential stretch sensitivity. Unfortunately, our
attempts to further examine the cytoskeletal role in mechano-
sensitivity were hampered by the inability to sufficiently desta-
bilize the cytoskeleton network in HEK 293s without adversely
affecting cell health.

Although the C terminus of the NR2B subunit is crucial for
stretch sensitivity of the NMDAR, the mechanism that regu-
lates the change in NMDAR physiology after stretch appears
linked to the pore region of the NR2 subunit. Past work showed
that dynamic stretch directly changes the efficiency of the mag-
nesium block at normal resting membrane potential (36). We
observed that MK801 pretreatment reduced, but did not elim-
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inate, the proportion of cells responding to stretch, unlike its
complete inhibitory effect in NMDA-stimulated cultures.
MKB801 and Mg>" both block conductance through binding of
awell defined region of the NMDAR pore (59), and thus stretch
may induce a change in the pore region that could alter both the
inherent Mg>" block as well as MK801 effectiveness. It is
important to note that glutamate binding is still necessary for
the observed stretch response of NMDARs, because treatment
with the competitive antagonist APV completely eliminated
the stretch response. Moreover, blocking the refilling of synap-
tic vesicles also led to a significant reduction in the stretch
response, suggesting that stretch initiates an instantaneous
release of vesicles that contributes to the immediate calcium
influx. In all, our data suggest a model in which glutamate
released from vesicles during stretch initiates the calcium influx
seen after injury, whereas stretch alters the normal regulation,
via the partial loss of the native Mg>" block, in NR2B-contain-
ing receptors.

We have no data measuring any potential change in affinity
for either glutamate or NMDA to activate these recombinant
receptors after stretch, which may be key information to collect
in the future to understand whether stretch will also selectively
alter this physiological feature of the receptor. In many ways,
these studies point to the possibility that mechanical force can
selectively modulate the physiology of the NMDAR by enhanc-
ing currents, differentially controlling activation of different
subtypes, and altering the affinities of agonists and modulatory
agents. Thus, stretch-induced receptor modulation can poten-
tially act as a post-translational modification, similar to phos-
phorylation events that are known to significantly alter recep-
tor activity (49).
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PKC Regulation of NMDAR Mechanosensitivity—Pinpoint-
ing a single residue on NR2B that controls a majority of the
NMDAR mechanosensitivity is potentially important in the
regulation of neuronal injury. Both serine/threonine and tyro-
sine phosphorylation sites on NR2 subunits are well known
regulatory mechanisms that can augment NMDAR current (49,
55, 60, 61). PKC has phosphorylation sites on both NR2A and
NR2B and its activity is known to both directly and indirectly
potentiate NMDAR current (55, 60— 62). The specific site that
we found to regulate mechanosensitivity of NR2B, Ser-1323, is
one of two PKC phosphorylation sites known to be directly
linked to PKC- and insulin-mediated enhancement of NMDAR
currents (62). Although it is unknown how this site functionally
relates to changes in NR1/NR2B NMDAR activity, PKC poten-
tiation of NMDAR current mediates a reduction in the normal
magnesium block of the receptor (63). The role of PKC in
NMDAR mechanosensitivity is less clear. In their observation
of stretch-induced loss in Mg>" block, Zhang et al. (36) showed
that PKC inhibition partially restored the block. However,
results from our own lab have shown that PKC activity, acting
upon the NR1 subunit, can reduce NMDAR cytoskeletal
anchoring and decrease stretch induced calcium influx (29).
Here, we demonstrate that mutation of Ser-1323 and PKC inhi-
bition through tamoxifen treatment significantly reduced
stretch sensitivity of NR2B. Because PKC stimulation was not
required for mechanosensitivity, it suggests that some basal
level of PKC activity is sufficient to induce stretch sensitivity.
There is only a slight overlap, however, among the PKC regu-
lation sites influencing NMDAR current regulation and the
sites regulating the mechanosensitivity of the receptor. The
Ser-1303 site on the NR2B subunit, also known to potentiate
NMDAR current, does not have an effect on NR2B mechano-
sensitivity. Furthermore, the NR2A subunit has two analogous
PKC phosphorylation sites at Ser-1291 and Ser-1312, and we
found that the NR2A subunit does not confer mechanosensi-
tive properties to the receptor. It thus remains an interesting
question as to why one, but not all, of these similar sites has a
role in NMDAR mechanosensitivity. Our data add to the debate
over how PKC and its targets play a role in traumatic brain
injury, where PKC inhibition can reduce mechanosensitivity
(36), but PKC activation has recently been reported to improve
learning and memory after mild TBI (64). Certainly, much of
these disparate findings stem from the promiscuous actions of
PKC, which have multiple direct and indirect roles in cellular
signaling (65). Systematically introduced mutations in NR2B
now provide a template for future studies to test how the con-
trol of this mechanosensitivity can affect the post-traumatic
consequences of mechanical injury to primary neurons in
networks.

Implications of selective NR2B mechanosensitivity—Robust
NR2B-based mechanosensitivity, coupled with the absence of
sensitivity for NR1/NR2A diheteromeric receptors, is in direct
contrast with traditional chemical agonist activation of the
NMDAR, where NR1/NR2A NMDARs are more readily acti-
vated than NR1/NR2B NMDARs (66 — 68). Interpreted strictly,
this would suggest that stretch will preferentially activate NR1/
NR2B NMDARs. Importantly, extrasynaptically located
NMDARSs, which are primarily of the NR1/NR2B subtype, are

FEBRUARY 3,2012+VOLUME 287-NUMBER 6

NR2B Mechanosensitivity

linked to pro-death signaling in models of excitoxicity through
its actions on nitric oxide production (69), mitochondrial dys-
function (1), and inhibition of pro-survival transcription (1, 14).
Certainly, NMDARs are well established as mediators of the
pathology seen after TBI (13, 70, 71). The rapid blockade of
NR1/NR2B NMDARs appears an especially attractive option
for treating the consequences of TBI, because it would aid in
mitigating calcium influx and resultant signaling from NR2B
NMDARSs altered by injury, and this approach is supported by
past studies (21, 26, 72). Additionally, glutamate spillover and
glutamate release from glia may provide a means to enhance the
activation of nonsynaptic (NR1/NR2B) NMDARSs on mechan-
ically injured neurons, pointing to glia as a second potential
therapeutic target for controlling the effects of mechanical
injury on neurons in vivo. However, triheteromeric NMDARs
also display mechanosensitive behavior. There remains some
debate within the literature on the timing and relative distribu-
tion of triheteromeric NMDARs, with some suggesting that
these receptors comprise a significant fraction of only synaptic
NMDARs, whereas others suggest that these receptors also
extend into extrasynaptic locations (73-75). Our past work
shows that synaptic NMDARs represent a majority of the
immediate stretch-induced calcium flux in primary cortical
neurons (29). These past data, when combined with our current
results, suggest that synaptic triheteromeric NMDARs could
represent a significant fraction of the calcium influx in primary
neurons after stretch. Synaptic signaling through NMDARSs is
receiving attention for its ability to stimulate prosurvival pro-
grams, suggesting that mechanoactivation of NR1/NR2B and
triheteromeric NMDARs may provide competing signals for
neuronal survival. Given our results, it is likely that mechanical
activation of the receptor will lead to biochemical signaling pro-
files that are distinct from chemical NMDA activation profiles.
Future work in this area can help elucidate distinct injury con-
sequences that may prove to be better therapeutic targets and
therefore warrant new treatment strategies.
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