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NJURY-INDUCED ALTERATIONS IN N-METHYL-D-ASPARTATE
ECEPTOR SUBUNIT COMPOSITION CONTRIBUTE TO PROLONGED

5CALCIUM ACCUMULATION FOLLOWING LATERAL FLUID
ERCUSSION
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bstract—Cells that survive traumatic brain injury are ex-
osed to changes in their neurochemical environment. One
f these changes is a prolonged (48 h) uptake of calcium
hich, by itself, is not lethal. The N-methyl-D-aspartate recep-

or (NMDAR) is responsible for the acute membrane flux of
alcium following trauma; however, it is unclear if it is in-
olved in a flux lasting 2 days. We proposed that traumatic
rain injury induced a molecular change in the NMDAR by
odifying the concentrations of its corresponding subunits

NR1 and NR2). Changing these subunits could result in a
eceptor being more sensitive to glutamate and prolong its
pening, thereby exposing cells to a sustained flux of cal-
ium. To test this hypothesis, adult rats were subjected to a
ateral fluid percussion brain injury and the NR1, NR2A and
R2B subunits measured within different regions. Although

ittle change was seen in NR1, both NR2 subunits decreased
early 50% compared with controls, particularly within the

psilateral cerebral cortex. This decrease was sustained for 4
ays with levels retuning to control values by 2 weeks. How-
ver, this decrease was not the same for both subunits,
esulting in a decrease (over 30%) in the NR2A:NR2B ratio
ndicating that the NMDAR had temporarily become more
ensitive to glutamate and would remain open longer once
ctivated. Combining these regional and temporal findings
ith 45calcium autoradiographic studies revealed that the
egree of change in the subunit ratio corresponded to the

Correspondence to: D. A. Hovda, Division of Neurosurgery, David
effen School of Medicine of UCLA, Room 18–228 NPI, Box 957039,
os Angeles, CA 90095–7039, USA. Tel: �1-310-206-3650; fax:
1-310-794-2147.
-mail address: dhovda@mednet.ucla.edu (D. A. Hovda).
bbreviations: AMPA, �-amino-3-hydroxy-5-methylisoxazole-4-propri-
nic acid; ANOVA, analysis of variance; L, left (ipsilateral to injury);
K-801, (5R,10S)-(�)-5-methyl-10,11-dihydro-5H-dibenzo(a,d)cyclo-
epten-5,10-imine hydrogen maleate; NMDA, N-methyl-D-aspartate;
MDAR, N-methyl-D-aspartate receptor; NR, N-methyl-D-aspartate re-
eptor subunit; PSD, postsynaptic density protein; R, right (contralat-
Tral to injury); ROI, regions of interest.

306-4522/04$30.00�0.00 © 2004 IBRO. Published by Elsevier Ltd. All rights reser
oi:10.1016/j.neuroscience.2004.06.034
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xtent of calcium accumulation. Finally, utilizing a combina-
ion of NMDAR and NR2B-specific antagonists it was deter-
ined that as much at 85% of the long term NMDAR-mediated

alcium flux occurs through receptors whose subunits favor
he NR2B subunit. These data indicate that TBI induces mo-
ecular changes within the NMDAR, contributing to the cells’
ost-injury vulnerability to glutamatergic stimulation. © 2004

BRO. Published by Elsevier Ltd. All rights reserved.

ey words: calcium, glutamate, ifenprodil, MK-801, N-methyl-
-aspartate receptor, traumatic brain injury.

alcium accumulation is an important feature in many
ypes of brain injury (Araki et al., 1990; Cortez et al., 1989;
ienel, 1984; Dubinsky and Rothman, 1991; Katayama et
l., 1991; Rappaport et al., 1987; Shirotani et al., 1994)

ncluding trauma (Fineman et al., 1993; Osteen et al.,
001; Thomas et al., 1990). Although voltage-gated Ca��

hannels and release of intracellular stores contribute, the
-methyl-D-aspartate (NMDA) receptor (NMDAR) is the
ajor conduit of the post-traumatic calcium load (Bullock
nd Fujisawa, 1992; Nadler et al., 1995) that endures for at

east 2 days following mild-moderate lateral fluid percus-
ion injury in the adult rat (Fineman et al., 1993; Osteen et
l., 2001). The NMDAR is also known to be involved in the
ost-traumatic neurochemical and metabolic cascade, be-

ng excessively activated by the indiscriminant release of
xcitatory amino acids that occurs immediately following
raumatic brain injury (Faden et al., 1989; Katayama et al.,
990). Over-activation of the NMDAR is directly related not
nly to post-injury ionic fluxes (like calcium influx), but also
o increases in the metabolic demand for glucose utiliza-
ion (to restore ionic homeostasis) and excitotoxicity (due
o calcium overload and/or energy failure; Hovda, 1996).

Recent descriptions of the NMDAR subunits have pro-
ided a molecular understanding of how this receptor func-
ions (Flint et al., 1997; Ishii et al., 1993; Scheetz and
onstantine-Paton, 1994; Yamakura and Shimoji, 1999).
he NMDAR is a heteromeric assembly, thought to be
omprised of two NMDAR subunits (NR1; Behe et al.,
995) and two or three NR2 subunits (Dingledine et al.,
999; Ferrer-Montiel et al., 1995). The fraction of lone NR1
r NR2 subunits is small (Luo et al., 1997), indicating the
ubunits’ preferential incorporation into functional chan-
els. NR1 is the principal constituent of the NMDA chan-
el, homogeneously distributed in the brain, that alone can
enerate a functional pore in vitro (Moriyoshi et al., 1991).

he NR2 subunit is the regulatory component, with each of

ved.
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he four subtypes (NR2A, 2B, 2C and 2D) being differen-
ially distributed in the brain and imparting specific electro-
hysiological properties to the NMDA channel (Healy and
eador-Woodruff, 2000; Ishii et al., 1993; Scheetz and
onstantine-Paton, 1994; Seeburg et al., 1994; Wang et
l., 1995; Yamakura and Shimoji, 1999). For example,
ortical neurons with NMDARs containing more NR2B
han NR2A (a low NR2A:NR2B ratio) are more sensitive to
lutamate, open for a longer amount of time, and conduct

arger currents than a population with a high NR2A:NR2B
atio. Furthermore, NR1/NR2B receptors lack calcium-
ependent inactivation that is prominent in NR1/NR2A
eceptors (Yamakura and Shimoji, 1999) and thus may
ake an important contribution to the prolonged calcium

nflux.
The notion that NMDAR subunit composition (i.e.

R2A:NR2B ratio) dictates the channel’s function is sup-
orted in the neuroplasticity, aging, and transgenic litera-

ure. Specifically, neonatal NMDARs are rich in NR2B, but
s the immature brain develops, the NR2A:NR2B ratio

ncreases by a disproportionate increase in expression of
R2A. These changes make NMDARs less active both in

erms of the sensitivity to glutamate and the NMDA exci-
atory post synaptic current (Flint et al., 1997; Quinlan et
l., 1999; Scheetz and Constantine-Paton, 1994). More-
ver, aged rats have significantly lower levels of NR2B
RNA and protein than younger animals (Clayton and
rowning, 2001; Magnusson et al., 2002) and this high
R2A:NR2B ratio correlates to aged rats’ deficits in long-

erm potentiation and learning/memory. Transgenic stud-
es have likewise shown that knocking down NR2B in
oung rats replicates the impairment of NMDAR function
Clayton et al., 2002) and that overexpressing NR2B leads
o enhanced learning and memory (Tang et al., 1999).
learly, the subunit composition of the NMDAR is impor-

ant in normal development, aging, and plasticity.
Previous studies using receptor binding techniques

ave suggested that the composition and function of the
MDAR might be altered after traumatic brain injury in

egions near the primary injury site (Gorman et al., 1995;
iller et al., 1990; Sihver et al., 2001). However, these
inding studies did not use the subunit-specific func-
ional attributes of post-injury NMDARs to differentiate
etween the NR2 subtypes. Subunit-specific changes in
MDAR gene expression and protein expression have
een better addressed following ischemia. Ninety min-
tes after ischemic injury, hippocampal gene expression
isplayed an increased NR2A:NR2B ratio (Small et al.,
997), perhaps indicating an acute down-regulation of
R2B in response to high glutamate levels. At 1 day
ost-ischemia, gene expression and protein levels of
oth NR2A and NR2B were decreased (Hsu et al., 1998;
hang et al., 1997). These studies not only suggest that
rain injury can induce dynamic changes in NMDAR
ubunit expression, but also reiterate the functional con-
equences of NMDAR subunit alterations, as injured
MDARs displayed differential electrophysiological
roperties as compared with shams (Hsu et al., 1998;

hang et al., 1997). 3
Since traumatic brain injury activates NMDARs and
esults in a prolonged calcium influx, and since the NR2
ubunit composition of the NMDAR directly reflects the
unction of the receptor, a change in NR2 subunit com-
osition is a reasonable mechanism to explain calcium-
elated pathophysiology following traumatic brain injury.
s suggested by calcium’s prolonged influx into the

psilateral cortex following traumatic brain injury, the
njury may induce a shift toward a more physiologically
ctive composition of the NMDAR. For example, an

njury-induced reduction of the NR2A:NR2B ratio could
esult in increased sensitivity to glutamate, lowering the
ctivation threshold for the neuron, as well as numerous
ownstream consequences from excessive activation of

he NMDAR, such as increased calcium influx. In fact,
ollowing in vitro injury of cortical neurons, significantly
arger ionic currents and calcium influx occur through the
MDAR in response to NMDA application (Zhang et al.,
996). At this time, it is unknown if the NMDAR subunits
re altered following lateral fluid percussion brain injury.
he primary purpose of the present study was to deter-
ine the regional and temporal profile of the NR2 sub-
nit composition of the NMDAR following mild-moderate

ateral fluid percussion brain injury in the adult rat and to
nvestigate if injury-induced alterations in NMDAR sub-
nit composition contribute to post-traumatic calcium
ux.

EXPERIMENTAL PROCEDURES

ubjects

inety-two male Sprague–Dawley adult rats (200–250 g) were
btained from Charles River Laboratory (Rolley 10 facility; Ra-

eigh, NC, USA) for this study. To determine the temporal and
egional profile of brain injury-induced changes in NR2A and
R2B subunits of the NMDAR, rats were studied at four time
oints after sham surgery or lateral fluid percussion injury: 1 day
sham n�5, injured n�6), 2 days (n�5, 6), 4 days (n�5, 6), and
4 days (n�5, 6). To confirm that acute changes of NMDAR
ubunits were indeed affecting the synapse, NR1, NR2A, and
R2B subunits were studied in synaptically enriched fractions at
8–24 h post-injury in 11 additional rats (sham n�5, injured n�6).
o evaluate the functional significance of NMDAR subunit
hanges on the regional extent of 45Ca�� accumulation, rats were
andomly assigned to two time points after injury (1 or 2 days
ollowing lateral fluid percussion injury) and administered MK-801
0.3 mg/kg, i.p.: 1 day n�5, 2 days n�5), ifenprodil (30 mg/kg, i.p.;
�5, 5), or saline (n�5, 5). All experimental animal protocols were
pproved by the UCLA Chancellor’s Committee for Animal Re-
earch. All experiments described herein conform to all national
nd international guidelines as outlined in the United States De-
artment of Agriculture Animal Welfare Act, the Public Health
ervice Policy on Human Care and Use of Laboratory Animals,
nd by the Association for Assessment and Accreditation of Lab-
ratory Animal Care International (AAALAC). Consequently, pro-
edures were employed to reduce pain and suffering as well as to
inimize the number of animals used.

luid percussion injury

nimals were anesthetized with 1.5–2.0 ml/min of enflurane in
00% oxygen, placed in a stereotaxic frame, and prepped in the
sual sterile fashion. Body temperature was kept constant at

6.6–38.0 °C with a thermostatically controlled heating pad. A
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idline incision was made in the scalp, the temporalis muscle
etracted, and the cranium exposed. A craniotomy 3.0 mm in
iameter was made 3.0 mm posterior to bregma and 6.0 mm

ateral (left) to midline. The injury cap was secured with silicone
dhesive and dental cement and, after hardening, filled with 0.9%
aline. Anesthesia was removed and the animal was attached to
he fluid percussion device (McIntosh et al., 1989). Once the
nimal responded to a toe pinch, a 2.65–2.75 atm fluid pulse was
dministered. This type of injury has been described in detail
lsewhere (Dixon et al., 1987; Katayama et al., 1990; McIntosh et
l., 1989; Prins et al., 1996) and physiological responses to lateral
uid percussion injury have been characterized in adult rats
Dixon et al., 1988). In brief, the fluid percussion device delivers a
ransient (21–23 ms) fluid pulse into the epidural space causing
iffuse biomechanical deformation. Apnea and unconsciousness
as measured by withdrawal response to toe pinch) times were
ecorded and the injured animal was returned to anesthesia for
emoval of the injury cap and suturing of the scalp. The sham
nimals received the same surgical procedures (including crani-
tomy), but were not administered the fluid pulse. All animals were
onitored for up to 3 h after surgery and returned to their home

ages when stable.

omogenate preparation

t 1, 2, 4, and 14 day time points post-injury animals for the
MDAR subunit characterization were killed and their brains re-
oved. These fresh brains were identically sectioned into anterior

�4.0 mm to 0.0 mm from bregma), middle (0.0 mm to �4.0 from
regma), and posterior (�4.0 mm to �8.0 mm from bregma) por-
ions with a brain slicer and bisected into hemispheres ipsilateral
nd contralateral to the site of fluid pulse administration. Regions
f interest (ROI) were isolated on a chilled surface: frontal cortices
from the anterior brain section), parietal cortices (from the middle
ection), thalami (from the middle section), hippocampi (from both
he middle and posterior sections), and occipital cortices (from the
osterior section). All ROIs were individually homogenized in PBS
uffer containing Complete protease inhibitors (Roche, Foster,
A, USA).

ynaptically enriched fraction

rains from a separate group of animals studied at 18–24 h
ollowing lateral fluid percussion injury were processed to deter-
ine the NMDAR subunit characterization at the synapse. After

he cerebellum was discarded, these fresh brains were sectioned
sing a brain slicer, isolating the parietal cortices (0.0 mm to �4.0
rom bregma) and hippocampi (�2.0 mm to �6.0 mm from
regma) on a chilled surface. ROI were individually homogenized

n PBS buffer containing protease inhibitors. Subcellular fraction-
tion was performed to purify the synaptosomal plasma mem-
rane/mitochondrial fraction in the following manner (Hens, 1997).
OI homogenates were centrifuged at 1000 g for 10 min. After
arefully collecting the supernatant, the P1 pellet (containing glia,
yelin, nuclei, cell debris, and blood cells) was discarded. The S1

raction was then centrifuged at 10,000�g for 20 min. The super-
atant was discarded, and the P2 pellet (the crude synaptosomal/
itochondrial pellet) was reconstituted in PBS buffer with pro-

ease inhibitors.

estern blotting

rotein determination analysis was conducted on all samples
sing the DC Protein Assay (BioRad, Hercules, CA, USA). Ten
illigrams of protein from each sample was loaded into individual
ells, in randomized order, of a 7.5% polyacrylamide denaturing
eady Gel (BioRad). Each gel was specific for time point and ROI,
ontaining 11 lanes of samples (five sham and six injured), and

as duplicated for each subunit investigated. After electrophore- d
is, protein was transferred to nitrocellulose blotting paper (1 h at
00 V) using the Mini-Trans-Blot apparatus (BioRad). Western
lots were incubated in blocking buffer (1 h), washed, and incu-
ated in primary antibody (NR1, NR2A, or NR2B) overnight at
oom temperature. After incubating in secondary antibody (1 h)
nd washed, blots were developed using Super West Pico chemi-

uminescent substrate (Pierce, Rockford, IL, USA). Bands were
ompared with molecular weight markers, confirming the NR1
ubunit at approximately 100 kDa and NR2A and NR2B at ap-
roximately 180 kDa. Chemiluminescent images were captured
ith the Fluor-S Max Multimager (BioRad) and protein bands were
olumetrically analyzed by a blinded investigator (C.O.) using
uantity One software (BioRad).

harmaceuticals

n order to investigate the role that NMDAR subunit composition
lays in the post-traumatic accumulation of calcium, two distinct
harmaceuticals were used to differentially block the NMDAR
uring the uptake of 45Ca�� at 1 or 2 days post-injury. MK-801
0.3 mg/kg) is a noncompetitive NMDAR antagonist that is non-
ubunit-selective, while ifenprodil [�-(4-hydroxyphenyl)-�-methyl-
-benzyl-1-piperidineethanol] (30 mg/kg) is a noncompetitive
MDAR antagonist that is selective for NR2B subunit-containing
MDARs (Coughenour and Barr, 2001; Kew et al., 1996; Wil-

iams, 1993). MK-801, ifenprodil, and saline (all 10 ml/kg i.p.) were
dministered 10 min prior to radioisotope administration and again
h later, to ensure continuous antagonist action of the com-

ounds during the 5 h 45Ca�� uptake period (Dienel, 1984). Gross
ehavioral assessment was conducted during that time frame to
onfirm activity of the drugs. The doses used in the current study
ere selected by binding, biochemical, and behavioral data from
ther studies (Chizh et al., 2001; Dawson et al., 2001; Dempsey et
l., 2000; Dravolina et al., 2000; Guzikowski et al., 2000; Healy
nd Meador-Woodruff, 2000; McIntosh et al., 1990; Migaud et al.,
998; Murray et al., 2000; Nash et al., 1999; Vezzani et al., 1989)
ith the purpose of maximizing specific antagonism at the
MDAR while minimizing nonspecific effects on other systems.
ince during this 5 h uptake of 45Ca�� (Dienel, 1984) the blood
nd brain levels of pharmaceuticals are changing (due to metab-
lism as well as booster shots) and since the rate of Ca��

xchange between blood and brain is unknown (Betz et al., 1989;
hosh et al., 1997), the degree of Ca�� flux per time cannot be
etermined. Thus, appropriate dose response experiments could
ot be conducted. However, our goal was not to determine abso-

ute values of calcium flux inhibited by these pharmaceuticals but
ather to investigate region-specific patterns of a NR2B subunit-
pecific antagonist as compared with a non-subunit-specific an-
agonist, so the current experiment performed with the stated
oses are valid to this end.

istology

rains of animals in the pharmaceutical/45Ca�� experiment were
rocessed for histological analysis. The 20 �m fresh frozen brain
ections (at 400 �m intervals) were stained with Cresyl Violet and
xamined under the light microscope. Since we were interested in
alcium accumulation in viable cells, areas of contusion and/or
ross reductions in neuronal abundance were noted and excluded
rom optical densitometry of ROIs.

luoro-Jade

rains of animals in the pharmaceutical/45Ca�� experiment were
rocessed for Fluoro-Jade (Schmued et al., 1997). This marker is
ositive within cells which experience a drop in intracellular pH
nd therefore is related to cellular stress. The regional extent of

njured neurons, which may be destined for degeneration, was

etermined by gross characterization of Fluoro-Jade positivity
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sing a fluorescent microscope and FITC filter. Fluoro-Jade pos-
tive neurons were mapped in template-defined ROI, for a subset
f saline, MK-801, and ifenprodil treated rats and qualitatively
ompared between groups.

5Ca�� autoradiography

n order to determine the regional accumulation of 45Ca�� follow-
ng mild lateral fluid percussion injury during differential antago-
ism of the NMDAR, 45Ca�� autoradiography was performed
imilarly to the procedures previously reported (Fineman et al.,
993; Osteen et al., 2001). At either 1 or 2 days post-injury, the
nimal was anesthetized and prepared for surgery (as above).
he tibial vein was exposed and 10 min after an i.p. injection of the
ppropriate pharmaceutical treatment (MK-801, ifenprodil, or sa-

ine), 45Ca�� (1 �Ci/g) in 0.9% saline was injected into the vessel.
fter suturing, the animal was allowed to recover and received a
econd i.p. injection of drug 2 h after the first. Five hours (Dienel,
984) after isotope injection, the animal was killed by overdose of
embutal (100 mg/kg). The brain was then quickly removed and

rozen. Coronal 20 �m sections were cut using a cryostat. Five
amples were taken every 400 �m: two were mounted on sepa-
ate slides for histological (Cresyl Violet) and fluorescence analy-
is (Fluoro-Jade), while three consecutive sections were mounted
n coverslips for autoradiography. Brain slices were exposed to
iomax film (Kodak, Rochester, NY, USA) for 4 days.

utoradiographic ROI analysis

he autoradiographic images were analyzed using Scion Image at
ve ROI: frontal, parietal, and occipital cortices, hippocampus, and
halamus as defined by a template generated from an atlas (Paxi-
os and Watson, 1986). As described in our previous publications
Fineman et al., 1993; Osteen et al., 2001), this template acted
nly as a guide (see Fig. 6) so as to standardize measurements
etween sides across sections and between animals. Optical
ensities were measured bilaterally over the three consecutive
ections at three to five structure-specific depths and relative
psilateral optical density values were calculated by subtracting
he contralateral (right) value from the ipsilateral (left) value, di-
iding by the sum (left�right) and multiplying by 100, as previously
eported (Fineman et al., 1993; Osteen et al., 2001; Samii et al.,
999). This formula [(L�R)/(L�R)�100] was used to reflect the
OI ipsilateral to the injury relative to the contralateral homotypic

egion, while controlling for the amount of radioactivity that en-
ered the brain. Means and standard deviations were calculated
or each structure at each time point and drug treatment.

To calculate the amount of calcium influx associated with the
MDAR ion channel and with the NR2B subunit-containing recep-

ors, individual difference scores were calculated. Relative ipsilat-
ral optical densities within ROI and group were ranked and

ndividual differences between saline and MK-801 treated animals
ere calculated to represent the amount of calcium accumulation
ccurring through the NMDAR ion channel. Similarly, individual
ifferences between saline- and ifenprodil-treated animals were
alculated to represent the amount of calcium accumulation oc-
urring through NR2B subunit-containing receptors. Individual
ercentages of NMDAR-associated calcium flux that occurs
hrough NR2B-subunit containing receptors were then calculated
rom the difference scores.

tatistical analysis

iven that traumatic brain injury models can vary in terms of their
everity, it is important to determine if the physiological variables
hat reflect severity were different between the different injury
roups (assigned to different times post-insult). Consequently, the

ength of time in seconds for the duration of apnea and uncon-

ciousness (as measured by determining if the animal would i
ithdrawal its hindlimb when the corresponding paw was pinched)
as compared across all injury groups using a one-way analysis
f variance (ANOVA).

For the semi-quantitative Western blotting studies, all optical
ensities were normalized to sham levels. First, the mean volu-
etric optical density and variance was calculated for the sham
roup on each blot. Thereafter, the optical density of every exper-

mental animal was normalized to sham controls on the same blot.
his allowed for comparisons of subunit, time, and region between
ham and experimental groups. Mean optical densities of each
roup (and S.E.M.) were then calculated for each blot. In addition,
relative ratio of NR2A:NR2B was calculated for each ROI and

ime point and normalized to sham levels in the same manner.
From this normalization procedure, group (injured or sham)

nd time post injury (1, 2, 4 or 14 days) were treated as between
ubject factors. Within each subject, 10 ROIs were selected.
hese ROIs consisted of the frontal, parietal, and occipital cortex
long with the underling hippocampus and thalamus, with each
tructure being measured bilaterally. Then, within each ROI, the
evel of protein for each subunit was determined (NR2A, NR2B, or
elative NR2A:NR2B ratio). Consequently, a univariate ANOVA
as used with group (injury and sham) having two levels, time

four levels), regions having 10 levels and each subunit treated as
he dependent variable of interest. For simple main effects, ap-
ropriate contrasts were assigned.

Upon completing these analyses, it was determined that most
f the contribution to the significant main effects were due to
hanges of the subunits within the cerebral cortex ipsilateral to the
ide of the fluid pulse induction and to the corresponding con-
ralateral parietal cortex. From this discovery, an ANOVA was
onducted for each subunit within the ipsilateral parietal and oc-
ipital cortex as well as the contralateral parietal cortex. These
ost hoc comparisons were subjected to a Bonferroni adjustment
o that the sum of significance levels for each overall comparison
id not exceed P�0.05.

To confirm that subunit changes found in brain homogenates
eflect changes at the synapse, normalized NR2A, NR2B, and
R2A:NR2B relative ratios were compared between 1 day ho-
ogenates and 18–24 h synaptically enriched fractions for each
OI. A t-test was used to compare between-preparation values in
ilateral parietal cortices and hippocampi. In addition, intra-blot
R1 levels were compared between sham and injured synapti-
ally enriched fractions by use of a t-test, for both the L and R
arietal cortices.

To test if injury-induced regional alterations in NR2A:NR2B
elative ratios were related to the extent of post-traumatic calcium
ccumulation in the days that follow lateral fluid percussion, a
orrelation was calculated. By use of Pearson’s correlation coef-
cient, mean percentages of NR2A:NR2B reduction (as compared
ith shams) was compared with calcium’s relative ipsilateral op-

ical densities [(L�R)/(L�R)�100] from our previous work (Os-
een et al., 2001) for each region with complete data sets for each
ariable at 1 and 2 days post-injury.

For the pharmaceutical/45Ca�� experiment a multivariate
NOVA was performed to see if an overall effect existed between

he one within-subject variable (ROI relative ipsilateral optical
ensity) and the two between-subject variables [group (saline,
K-801, or ifenprodil) and time point (1 or 2 days after injury)],

ollowed by Bonferroni’s post hoc test.
For the ROI that exhibited a significant effect of group,

elative ipsilateral optical densities were ranked in each group
nd difference scores were calculated to represent the amount
f calcium flux occurring through NMDARs (saline–MK-801)
nd NR2B subunit-containing receptors (saline–ifenprodil) in
hese ROI. The difference scores were used to calculate indi-
idual percentages of NMDAR-associated calcium influx that
ccurred through NR2B subunit-containing receptors [(saline–
fenprodil/saline–MK-801)�100] for each region and time point
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emonstrating a significant effect of group. These percentages
ere subjected to a univariate ANOVA with one within-subject
ariable (percentage of NMDAR-associated calcium occurring
hrough NR2B subunit-containing receptors) and two between-
ubject variables (ROI and time), followed by Bonferroni’s post
oc test.

All data analysis was conducted using SPSS 9.0 software
nd a level of significance of 0.05 was maintained throughout
tatistical analysis.

RESULTS

njury severity

even lateral fluid percussion brain injured animals were
xcluded from the study due to complications from sur-
ery/injury, resulting in five sham and six injured rats in
ach of the five groups for the NMDAR subunit charac-
erization (n�55) and five rats in each of the six groups
or the pharmaceutical/45Ca�� experiment (n�30) for a
otal of 85 rats completing the study. All animals were
njured with a mild-moderate level of injury over the left
arietal cortex (2.65–2.75 atm) and all demonstrated a
rief period of apnea followed by a longer period of
nconsciousness (Table 1). Statistical analysis revealed
o difference in severity of injury between groups, as
easured by apnea (F10,49�1.160, P�0.340) and un-

onsciousness times (F10,49�0.516, P�0.871). After re-
overing from anesthesia, all animals displayed normal
xploratory, grooming, and feeding behavior in their
ome cages.

ubunit protein levels from brain homogenates

he 82 Western blots obtained were of sufficient quality
o analyze for optical densities. Each blot was region
nd time specific, with 11 randomized experimental

anes (five sham and six lateral fluid percussion brain
njured rats). Although the figures express the results as

percent of sham controls, all statistical analyses were
onducted on the original data incorporating the vari-
nce within the sham group. Ten ROIs were measured
ilaterally [ipsilateral (L) and contralateral (R)]. These

ncluded the frontal, parietal and occipital cortices, the

able 1. Mean (	S.E.M.) apnea and unconsciousness times in secon

imepoint Study T

Day post-LFP NMDAR H
S

45Ca�� S
M
I

Days post-LFP NMDAR H
45Ca�� S

M
I

Days post-LFP NMDAR H
4 Days post-LFP NMDAR H

NMDAR stands for NMDAR subunit characterization study and 45Ca
ere studied for NMDAR characterization at 1 day post-injury, one pro
ippocampus, and the thalamus. In cases where an (
rtifact occurred over the location of desired data, the
linded investigator (C.O.) excluded that band from
nalysis. This occurred in less than 10% of the bands,
ith no systematic pattern evident among groups.

In general, changes in NR2A and NR2B levels were
OI and time-after-injury dependent. Animals that were
ubjected to a mild-moderate left-sided fluid percussion

njury had a reduction in their levels of NR2A and NR2B
s compared with shams, primarily in regions closest to

he injury site (the ipsilateral cortex) within the first few
ays following injury, returning to control values by 14
ays (Fig. 1). However, the magnitudes of reduction of
R2A and NR2B were not equal. In the affected regions,
R2A was reduced to a greater degree than was NR2B

esulting in a decrease of the NR2A:NR2B relative ratio
t 1 and 2 days post-injury. At 4 days post-injury, alter-
tions in NR2A and NR2B were similar, so that the
rimary time frame when NR2A:NR2B was reduced was

he first 2 days following injury (Fig. 1).
Using the full model, the between group variables

onsisted of group (injury or sham), subunit (NR2A,
R2B, NR2A:NR2B relative ratio) and time (1, 2, 4 and
4 days). ROI (frontal, parietal and occipital cortices,
ippocampus and thalamus) were designated as within
ubject factors. Using a univariate ANOVA, the analysis
evealed a significant main effect for group (injury ver-
us sham; F1,38�4.238, P�0.001) and time (1–14 days
fter injury; F3,76�1.996, P�0.017). In addition, there
as a main effect of subunit (NR2A, NR2B or the NR2A:
R2B relative ratio; F2,76�1.822, P�0.033). Using ap-
ropriate contrasts for post hoc analysis, the main effect
f group (injury vs sham) was primarily due to the
hanges in subunits following injury within the left (ipsi-

ateral) parietal cortex (F7,23�20.809, P�0.001), the left
ccipital cortex (F7,23�20.637, P�0.001) and the right
contralateral) parietal cortex (F7,23�12.927, P�0.001).
here was no significant difference of the volumetric
ensity of protein bands or relative NR2A:NR2B ratio
easurements between lateral fluid percussion brain

njured and sham-injured animals in the L frontal cortex

ch group following mild-moderate lateral fluid percussion injurya

t Apnea Unconsciousness

60	23 183	19
14	3 153	33
24	2 155	11
18	3 142	23
33	7 140	17
19	9 120	18
24	7 149	23
21	5 156	37
29	7 167	33
39	24 168	30
44	16 145	18

s for the pharmaceutical/45Ca�� autoradiography study. Two groups
or synaptically enriched fractions (S), the other for homogenates (H).
ds of ea

reatmen

aline
K-801

fenprodil

aline
K-801

fenprodil

�� stand
cessed f
Fig. 1, Panel A), L hippocampus, L thalamus, R frontal
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ortex, R hippocampus, R occipital cortex and R
halamus.

psilateral parietal cortex

ithin the L parietal cortex, there was a significant
eduction (35– 40%) of the volumetric density of NR2A
rotein bands in the injured group at 1 day (P�0.01), 2
ays (P�0.01), and 4 days (P�0.01) as compared with
hams. Studies of the NR2B subunit revealed that within
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ercentage difference from sham levels with x axis being time after left
A) is included as an example of a region whose NR2 subunits are un
f the NR2A:NR2B relative ratio at 1 and 2 days post-injury. There is als
elative ratio to be diminished 1 day post-injury. * P�0.01, † P�0.05
he same region there was also a trend toward reduction S
25%) restricted to the fourth day after injury (P�0.06;
ig. 1).

When normalized relative ratios (NR2A:NR2B) were
ubjected to statistical analysis, only the L parietal cortex
xhibited a significant difference between lateral fluid per-
ussion brain injured and sham-injured animals. This dif-
erence was due to a significant reduction (21–33%) of the
R2A:NR2B ratio in the L parietal cortex of the injured
roup at 1 and 2 days (P�0.05) as compared with shams.
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psilateral occipital cortex

ithin the L occipital cortex there was a significant reduction
39–58%) of the NR2A subunit in the injured group at 1 day
P�0.01) and 2 days (P�0.02) as compared with shams.
here was also a significant reduction (33–48%) of NR2B in

he injured group at 1 day (P�0.01) and 2 days (P�0.05) as
ompared with shams.

Addressing the NR2A:NR2B ratio, analysis reveals a
rend toward a reduction. However, these values did not
chieve statistical significance (20%; Injured mean�.668;
.E.M.�0.11; Sham normalized mean�1.00; S.E.M.�
.15, P�0.10). See Fig. 1, panel C.

ontralateral parietal cortex

ithin the R parietal cortex, there was a significant reduc-
ion (36–39%) of NR2A in the lateral fluid percussion brain
njured group at 1 day (P�0.01) and 4 days (P�0.02) as
ompared with shams. There was also a significant reduc-
ion (34%) of NR2B in the injured group at 4 days (P�0.03)
s compared with shams.

As with the ipsilateral occipital cortex, there was only a
rend for the NR2A:NR2B relative ratio to be reduced
19%; Injured mean�0.81, S.E.M.�0.07; Sham normal-
zed mean�1.00, S.E.M.�0.11) when measured on the
rst day after injury (P�0.10). See Fig. 1, panel D.

omogenates and synaptically enriched preparations

lthough NMDARs are known to preferentially localize in
ynaptic structures (Monaghan and Cotman, 1986), to en-
ure that the alterations demonstrated by the brain ROI
omogenates reflect changes at the synapse in our post-

njury model, a separate group of animals was investigated
t 18–24 h post-injury and their tissue was prepared to the

evel of the P2 fraction (containing synaptosomes and
itochondria). A t-test was used to compare the normal-

zed NR2A, NR2B, and NR2A:NR2B relative ratios be-
ween these synaptically enriched fractions and the 1 day

GAPDH
(~40 kDa)

NR2
subunit

(~180 kDa)

1 day post-L

sham LFP

NR2A NR

sham

ig. 2. Western blots from the ipsilateral parietal cortex of sham and
aw data were obtained by loading each lane with 10 mg of protein from
llustration was obtained by pooling the animals into four group samp
ntibodies against NR2A, NR2B, and GAPDH (a housekeeping prote
ost-injury homogenates in the bilateral parietal cortices w
nd hippocampi. There were no differences between the
ynaptically enriched fractions and homogenates in any
OI: L parietal cortex (P�0.240–0.878), R parietal cortex

P�0.100–0.816), L hippocampus (P�0.269–0.558), and
hippocampus (P�0.107–0.558). See Fig. 3.

There are consistently two NR1 subunits per NMDAR
omplex (Behe et al., 1995) and thus NR1 can be used as
n estimate of the number of functional NMDARs in a ROI.
o investigate if there is a difference in the number of
MDARs after injury, the amount of NR1 was compared
etween sham and lateral fluid percussion brain injured
ats in the 18–24 h synaptically enriched preparations for
he L and R parietal cortices. Although there was a trend
or injured group to be reduced (14–21%; L parietal cortex
ean�0.86; S.E.M.�0.12; Sham normalized mean�1.00,
.E.M.�0.12; R parietal cortex mean�0.80, S.E.M.�0.10;
ham normalized mean�1.00; S.E.M.�0.14) as com-
ared with shams, there were no significant differences in
R1 protein levels between sham and injured animals in
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he L parietal cortex (P�0.387) or R parietal cortex
P�0.215). Interestingly, following injury, both the ipsilat-
ral and contralateral parietal cortices showed similar lev-
ls indicating that lateral fluid percussion does not cause a
nilateral effect on the number of NMDARs (Fig. 4). This
onsignificant reduction in NR1 protein levels within the L
nd R parietal cortices opens the possibility that some of
he trauma-induced changes in subunits could be due to
elective loss of receptors having more or less of either the
R2A or NR2B subunit.

5Calcium accumulation

earson’s correlation coefficient revealed that there was a
ignificant correlation between the injury-induced reduc-
ion of NR2A:NR2B relative ratio and the accumulation of
alcium in ROI (Osteen et al., 2001) at 1 and 2 days
ost-injury (
�0.89, P�0.003; Fig. 5). This association
uggests a relationship between NR2A:NR2B ratio and
egional post-lateral fluid percussion brain injury calcium
nflux.
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ig. 4. Mean amount (	S.E.M.) of NR1 in lateral fluid percussion-
njured rats in ipsilateral (ipsi) and contralateral (contra) parietal corti-
es at 18–24 h post-injury (synaptically enriched preparation) as com-
ared with shams (defined as 100%). Although there are no significant
ifferences between sham and LFP groups (P�0.20), there is a trend

or NR1 to be slightly reduced in the LFP rats, both ipsilateral and
ontralateral to the fluid pulse administration.
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ig. 5. Mean values of relative ipsilateral 45Ca�� accumulation
(L�R)/(L�R)�100] from lateral fluid percussion injured adult rats as
unction of percentage of injury-induced reduction of NR2A:NR2B
elative ratios. The eight data points represent ipsilateral parietal and
ccipital cortices and hippocampus at 1 and 2 days post-injury, and

psilateral frontal cortex and thalamus at 1 day post-injury (all of the
egions that have both sets of data at the given time points). Pearson’s
orrelation coefficient revealed significant correlation between the two
rariables (
�0.89, P�0.003).
harmaceuticals

nimals in the pharmaceutical portion of the study were
tudied at 1 or 2 days following lateral fluid percussion,
eferring to the time point at which 45Ca�� was injected.
uring the 5-h period of 45Ca�� uptake, animals received
K-801 (0.3 mg/kg), ifenprodil (30 mg/kg), or saline (con-

rol). Gross behavioral observation confirmed the activity of
he drugs: saline-treated rats behaved normally, MK-801
reated rats appeared intoxicated (body rolling, head weav-
ng, ataxia, loss of balance when rearing), while ifenprodil-
reated rats displayed a reduction in spontaneous activity,
ehaviors that have been previously reported at these
oses (Boyce et al., 1999).

istology

istological analysis was performed on fresh frozen 20 �m
rain sections at 400 �m intervals that were stained with
resyl Violet. Light microscope analysis revealed abnor-
alities typical for this level of injury, with no differences
oted between groups. In general, there was slight dam-
ge evident at the site of fluid pulse administration, with the
ast majority of the underlying parietal cortex appearing
ompletely normal (Fig. 6). Almost all rats did, however,
xhibit a focal area of cell loss at an intracortical location

ateral to the site of fluid pulse administration, as previously
eported in this model (Cortez et al., 1989; Hicks et al.,
996; Osteen et al., 2001) and 50% also showed evidence
f a smaller area of cell loss at the superior-posterior
ccipital cortex. Since dying cells are known to accumulate
alcium, and as we were interested in calcium accumula-
ion occurring in viable cells of normal histology, contused
reas were excluded from optical densitometry analysis.
he majority of rats demonstrated disruption of the gray-
hite interface as well as intracerebral hemorrhage at both

he gray-white interface and superior border of the thala-
us. In most rats, the CA3 region of the hippocampus was

omewhat affected, displaying some cell loss. The ipsilat-
ral thalamus appeared mostly normal at 1 day post-injury,
ut by 2 days thalamic cell loss was a consistent finding
Nagasawa and Kogure, 1990; Pierce et al., 1998; Smith et
l., 1997; Watanabe et al., 2000).

luoro-Jade

ix 1 day post-injury brains (saline n�2, MK-801 n�2,
fenprodil n�2) were analyzed under the fluorescent mi-
roscope and cells staining positive for Fluoro-Jade were
apped. Despite distinct, potent pharmaceutical interven-

ions, the three groups displayed a pattern of Fluoro-Jade
ositivity that was remarkably similar. Starting at bregma,
luoro-Jade positive cells were evident in the cortex lateral

o the site of fluid pulse administration, near the gray-white
nterface. Moving posteriorly through the entire cerebrum,
he region of Fluoro-Jade positivity expanded to a maxi-
um of 20% the area of the ipsilateral hemisphere, ex-
anding 75% of the way through the cortical mantle from
he gray-white interface. In addition, all brains exhibited a
mall area of Fluoro-Jade positivity in the ipsilateral supe-

ior parietal–occipital region, just above the crest of the
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orpus callosum, from bregma �1.5 mm to bregma
8.5 mm. The dorsal hippocampus exhibited small clus-

ers of Fluoro-Jade positive neurons in CA2, CA3, and
entate gyrus with a more pronounced pattern at CA3 from
regma �4.5 mm to bregma �6.0 mm. The ipsilateral thal-
mus exhibited a pattern of Fluoro-Jade positivity scat-
ered throughout its boundaries. See Fig. 7. The Fluoro-
ade results support the Cresyl Violet histological findings,
onfirming that the areas of ROI analyzed by optical den-
itometry consisted of viable cells.

5Ca�� autoradiography ROI analysis

utoradiographs were of sufficient quality to ensure accu-
ate measurements of the ROI at their predetermined lo-
ations. The findings of the current 45Ca�� studies con-
ucted in the injured saline-treated animals were virtually

dentical to what we have previously reported (Fineman et
l., 1993; Osteen et al., 2001). In all groups and time
oints, 45Ca�� accumulation was diffuse in nature, ex-

ig. 6. A representative autoradiograph from a control rat (saline
orresponding representative histology from ipsilateral and contralater

ntra-cortical contusion lateral to the site of fluid pulse administration (
evealing normal morphology in both the ipsilateral and contralateral p
n general, the frontal, parietal, and occipital cortices displayed diffuse
ll animals exhibited an intracortical contusion lateral to the site of fluid

oss; these contused areas were excluded from optical densitometry a

...
..... ...

.
....
...... ...

ig. 7. Representative mapping of Fluoro-Jade positive cells for all
ndicative of Bregma 1.5 mm, Bregma 3.0 mm, Bregma 4.5 mm, and B

0) of Fluoro-Jade positive neurons.
ending out in all directions from the site of fluid pulse
dministration. It encompassed approximately 30% of the
rain’s surface area, stopping at the midline. When a con-
usion was present at an intracortical site (as verified by
istology) it presented as an intense, focal signal and that
ortion of the ROI was excluded from optical densitometric
nalysis. This exclusion was necessary due to the poten-
ial of a calcium sink (Young and Koreh, 1986), so that the
assive calcium load occurring in dying cells would not
rtificially elevate the value representing sublethal calcium

nflux into viable cells.
In general, MK-801 and ifenprodil decreased the

xtent of 45Ca�� accumulation in a ROI-specific man-
er, which was consistent across time. For the regions in
hich the pharmaceutical treatment was effective, the
reatest magnitude of calcium load was in the saline-

reated groups, the least in MK-801-treated groups, with
he ifenprodil-treated groups falling somewhere in be-
ween (Figs. 8, 9).

250 um min

max

) injected with 45Ca�� at 1 day post lateral fluid percussion, with
l cortex (illustrating the ROI for densitometry measurements) and the
with the arrow).Histological inserts are Cresyl Violet-stained sections
ortex as well as a loss of cells within the above described contusion.
accumulation, with no gross histological damage. In addition, almost
ministration, evident by a “hotspot” of calcium signal and marked cell

.
....

.. ... ... ..
...

..

1 day following lateral fluid percussion injury. Coronal sections are
.0 mm respectively and black circles represent small clusters (five to
treatment
al parieta
indicated
arietal c
calcium
pulse ad
nalysis.
....

...

groups at
regma 6
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Statistical analysis revealed an overall effect of group
saline, MK-801, or ifenprodil-treated; F5,20�6.562,
�0.001) with a main effect of group present in the frontal
ortex (F2,27�4.651, P�0.02), parietal cortex (F2,27�
5.616, P�0.001), and occipital cortex (F2,27�9.214,
�0.001), but not in the hippocampus (F2,27�0.404,
�0.673) or thalamus (F2,27�1.806, P�0.187). There was
lso an overall effect of time (F5,19�11.117, P�0.001), but
his was solely due to the thalamus (F1,28�20.460,
�0.001) having substantially more 45Ca�� accumulation
t 2 days than 1 day (Figs. 8 and 9). The delayed thalamic

psilateral accumulation of 45Ca�� has previously been
escribed (beginning at 2 days post-injury) and shown to
e associated with cell death (Nagasawa and Kogure,
990; Osteen et al., 2001; Pierce et al., 1998; Smith et al.,
997; Watanabe et al., 2000). There was no main effect of
ime in the frontal cortex, hippocampus, parietal cortex, or
ccipital cortex (F1,28�0.023–0.883, P�0.357–0.881).

Bonferroni post hoc analysis revealed that the MK-801
roup accumulated significantly less 45Ca�� than the sa-

ine-treated group in the frontal cortex (P�0.019), parietal
ortex (P�0.001), and occipital cortex (P�0.002) across
ime. In addition, the ifenprodil-treated group accumulated
ignificantly less 45Ca�� than the saline-treated group in
he parietal cortex (P�0.001) and occipital cortex
P�0.009) across time.

Since there were significant differences between
roups (saline, MK-801, or ifenprodil-treated) in the frontal
ortex, parietal cortex and occipital cortex at 1 and 2 days
ost-injury, difference scores were calculated to represent
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K-801-treated rats represents the amount of calcium influx associate
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he amount of calcium flux occurring through NMDARs o
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R2B subunit (saline minus ifenprodil) in these ROIs. See
ig. 10.

Individual percentages of NMDAR-associated cal-
ium flux that occurred through NR2B subunit-contain-

ng receptors (which can also contain NR2A subunits)
ere calculated and subjected to statistical analysis,

evealing an overall effect of ROI (F5,24�8.319,
�0.002), but not of time (P�0.684). Bonferroni’s post
oc test revealed that the frontal cortex had a signifi-
antly lower percentage of calcium flux that occurred
hrough the NR2B subunit-containing receptors than did
oth the parietal and occipital cortex (P�0.005). See
ig. 11.

DISCUSSION

he data reported in this study characterize lateral fluid
ercussion brain injury-induced molecular changes in the
MDAR and determine a functional significance (en-
anced calcium influx) of the injury-induced alteration of
MDAR subunit composition. This suggests that NMDA

eceptor changes following traumatic brain injury contrib-
te mechanistically to the pathophysiological cascade and
re capable of inducing dysfunction, even in regions with-
ut overt cell death.

ummary of findings

he first experiment was conducted to determine the re-
ional and temporal profile of the NR2 subunit composition
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ion injury in the adult rat. The NR2 subunit composition
ictates the functional properties of the NMDAR; therefore,
n alteration of such may make an important contribution
o the post-traumatic milieu. It was found that lateral fluid
ercussion alters the levels of NR2A and NR2B primarily in
egions proximal to the site of impact (ipsilateral parietal
nd occipital cortices), and in regions remote from this

ocation (contralateral parietal cortex). The injury-induced
MDAR subunit composition alteration occurs early after

njury (1–4 days) and normalizes over time (by 14 days).
mportantly, the magnitude of alteration is not uniform
cross subunits, as NR2A is affected to a greater degree
han is NR2B at 1 and 2 days post-injury. The result of this
nequal injury-induced reduction is a decreased NR2A:
R2B ratio, meaning that more NR2B is available for

ncorporation into the NMDAR heteromer than NR2A.
ince receptors with more NR2B than NR2A are more
ensitive to glutamate, conduct more current, and are open
or a longer amount of time (Flint et al., 1997; Ishii et al.,
993; Quinlan et al., 1999; Scheetz and Constantine-Pa-

on, 1994; Seeburg et al., 1994; Yamakura and Shimoji,
999), this reduced NR2A:NR2B ratio seems to indicate an

njury-induced shift toward a sensitized NMDAR, regard-
ess of the absolute receptor numbers. Although this com-
osition may indicate a period of neuroplastic potential, it is
eing expressed acutely after brain injury, a time when
any other post-traumatic processes are active (such as
nhanced Ca�� influx). Thus, the injury-induced alteration

n NMDAR subunit composition may actually be contribut-
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K-801, and ifenprodil (prior to 45Ca�� injection), at 2 days following
ng to the post-traumatic pathophysiology. c
Post-traumatic calcium overload is an important fea-
ure following traumatic brain injury, and is known to occur
redominantly, but not exclusively, through the NMDAR
Bullock and Fujisawa, 1992; Nadler et al., 1995). Thus, it
s likely the injury-induced alteration in the NMDAR subunit
omposition contributes to an increased influx of calcium

nto viable cells following injury, especially since NR1/
R2B receptors lack calcium-dependent inactivation. The
omparison of the relative ipsilateral extent of post-trau-
atic calcium accumulation from our previous work (Os-

een et al., 2001) with post-traumatic alterations in NMDAR
ubunit composition supported this idea, as the temporal
nd regional profiles are identical. Specifically, at 1 and 2
ays post-injury, ROIs in injured animals demonstrating
he lowest NR2A:NR2B relative ratios (ipsilateral parietal
nd occipital cortices) accumulate the greatest amount of
alcium. The strong correlation between these two factors
Fig. 5) led us to investigate whether traumatic brain injury-
nduced alterations in NMDAR subunit composition con-
ribute to the prolonged post-traumatic accumulation of
alcium.

To address this question, the 45Ca�� autoradiographic
xperiment utilized distinct NMDAR antagonists to differ-
ntiate between the calcium flux occurring through all
MDARs (MK-801-sensitive) and the flux occurring

hrough NMDARs specifically containing the NR2B subunit
ifenprodil-sensitive). First, it was found that calcium influx
ccurs through the NMDAR in a ROI-specific manner.
either MK-801 nor ifenprodil significantly reduced the
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r 2 days following injury. However, in this model, roughly
0% of the post-traumatic calcium influx occurring in the in
he ipsilateral frontal, parietal, and occipital cortices at 1
nd 2 days post-injury is associated with the NMDAR. The
emaining proportion of 45Ca�� accumulation is most
ikely due to flux through voltage-gated Ca�� channels
Samii et al., 1999), Ca��-permeable �-amino-3-hydroxy-
-methylisoxazole-4-proprionic acid (AMPA) receptors,
reakdown of the blood–brain barrier (Osteen et al., 2001),

he Ca�� permeable nonselective cation conductance via
RPM7 channel (Aarts et al., 2003) and, possibly, extra-
ellular signals.

Second, it was found that the amount of post-traumatic
alcium flux blocked by these pharmaceutical agents was
reater for MK-801 than it was for ifenprodil. These were

he expected results, since not all NMDARs contain the
R2B subunit. However, the proportion of calcium flux that
as sensitive to ifenprodil differed between regions. The

psilateral frontal cortex had only 25.8–46.2% of the
MDAR-associated calcium flux occurring through NR2B
ubunit-containing receptors, while the ipsilateral parietal
nd occipital cortices had 78.9–81.1% and 78.9–85.1%,
espectively, of the NMDAR-associated calcium flux occur-
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ig. 10. Amount of post-traumatic calcium accumulation [relative i
saline-MK801) vs the NR2B-containing NMDARs (saline-ifenprodil) in

days following mild-moderate lateral fluid percussion injury.
ing through NR2B-containing receptors. i
The mutual consideration of these two experiments
uggests a biological consequence, or functional signif-

cance, to the injury-induced alterations in the NMDAR.
egions lacking an injury-induced shift in NMDAR sub-
nit composition (i.e. the ipsilateral frontal cortex) have

much smaller proportion of calcium flux occurring
hrough NR2B-containing receptors than regions dem-
nstrating an injury-induced reduction of the NR2A:
R2B relative ratio (i.e. the ipsilateral parietal and oc-
ipital cortices). Therefore, it seems that lateral fluid
ercussion brain injury induces proximal regions to shift

oward NMDARs containing NR2B subunits, and this
ensitized form of the receptor (more sensitive to gluta-
ate, conducts larger currents, stays open longer, lacks

alcium-dependent inactivation) contributes to the post-
raumatic accumulation of calcium.

nterpretations of data

he current data describe an alteration in the NMDAR
ubunit composition following trauma and a correspond-

ng functional consequence of this change. The demon-
tration that NR2B subunit-containing NMDARs are
referentially expressed in specific regions following TBI
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ng receptors inherently allow enhanced calcium influx
uggests that this glutamate receptor alteration contrib-
tes to the post-traumatic accumulation of calcium in
dult rats’ intact cortical neurons.

Since calcium plays a key role in the extensive sig-
aling pathways of the NMDAR, there are a large num-
er of potential downstream effects resulting from post-

raumatic calcium accumulation. It is likely that in addi-
ion to contributing to traumatic brain injury
athophysiology, the post-traumatic subunit alteration
as other important functional roles, perhaps even re-

ating to neuroplasticity and recovery of function. The
otential contribution of the NMDAR subunit composi-

ion alteration to vulnerability and neuroplasticity is dis-
ussed below.

Jenkins and colleagues (1988) have addressed the
dea that post-traumatic neuronal vulnerability may be
eceptor-mediated. The combined pharmacological
lockade of muscarinic and NMDA receptors was found
o attenuate the secondary insult-induced neuronal de-
eneration of the hippocampus. Furthermore, since lat-
ral fluid percussion injury reduces the threshold to
ainic acid-induced seizures (Zanier et al., 2003), stim-
lation of sensitized NMDARs may also have a role in
ost-traumatic epilepsy. However, the role NMDAR sub-
nit composition plays in the vulnerability to secondary

njury is unknown. The mere fact that NR2B subunit-
ontaining NMDARs make a significant contribution to
he post-traumatic accumulation of calcium links the
ost-traumatic alteration of NMDAR subunit composition
o the concept of vulnerability. For example, if a second-
ry injury occurs when neurons are already burdened
ith a sublethal load of intracellular calcium, an addi-

ig. 11. Percentage of NMDAR-associated (saline–MK801) calcium
ccumulation that is specifically associated with the NR2B subunit
saline–ifenprodil) in the ipsilateral frontal, parietal, and occipital cor-
ices in the 2 days following LFP injury. Notice the difference between
egions that have an injury-induced reduction of the NR2A:B ratio
parietal and occipital cortices) and the region that does not (frontal
ortex).
ional surge of calcium influx from the secondary insult N
such as ischemia or hypotension) may trigger excito-
oxic cell death. Alternatively, the ionic flux caused by a
econdary insult may place additional energy demands
n a neuron in energy crisis, forcing it into energy failure
nd the fate of secondary cell death. In either case, the

njury-induced sensitized composition of the NMDAR
ay render neurons vulnerable to a secondary insult-

nduced glutamate surge that otherwise would have
een well tolerated if the NMDAR were in its native
ubunit composition.

Changes in NMDAR subunit composition, as seen in
he current study, may instead render the brain primed for
europlasticity. In development, a change in the NR2A:
R2B ratio is associated with a critical period for visual
lasticity and occurs in response to experience-dependent
lasticity (Quinlan et al., 1999). Since NMDAR activation is
equired for plasticity, it is possible that a receptor primed
or activation may foster recovery of a dysfunctional neu-
on (or, in other words, a viable neuron in an injured brain).
f the post-traumatic reduction of NR2A:NR2B indeed re-
ects a critical window for neuroplastic responses, the
mount and timing of appropriate stimuli could be key to
ptimizing recovery.

Although the relative change of the NR2 subunit com-
osition has not previously been addressed following fluid
ercussion injury in the adult rat, binding studies have
uggested that the NMDAR composition and function may
e altered after traumatic brain injury (Gorman et al., 1995;
iller et al., 1990; Sihver et al., 2001). After a moderate

entral fluid percussion brain injury in adult rats, Miller et al.
1990) reported that binding of [3H]glutamate in the cortex
as reduced by up to 66% from control values at 5 min,
h, and 24 h after injury. Moreover, Gorman et al. (1995)

ound a 52% and 71% reduction of NMDAR binding in the
rontal and entorhinal cortex, respectively, at 1 h post-
njury, but at 1 day post-injury NMDAR binding had re-
urned to sham levels in the frontal cortex while the ento-
hinal cortex was reduced by 66%. More recent work has
nvestigated NMDAR binding following lateral fluid percus-
ion brain injury at 12 h post-injury and found that the

psilateral cortex exhibited an increase in MK-801’s equi-
ibrium dissociation constant (KD) and a decrease in max-
mum specific binding (Bmax), resulting in a significant re-
uction in binding potential (Bmax/KD) as compared with
hams (Sihver et al., 2001). Since the binding site for
lutamate is on the NR2 subunit, all of these studies sup-
ort the reported trends for reduction of the NR2 subunit
ollowing trauma. This acute post-traumatic reduction of
MDARs may be the cells’ immediate effort to protect

hemselves from excitotoxicity, as they are faced with a
assive, traumatically induced glutamate surge.

Changes in NMDAR structure and function have been
ore extensively characterized using a model of ischemia,

n which the hippocampus is the most vulnerable structure.
hen Small et al. (1997) investigated NMDAR gene ex-

ression at 90 min following in vitro ischemic injury, the
roportion of NMDARs containing the NR2B subunit
ropped by approximately 50% while the proportion of

R2A subunit-containing NMDARs was unchanged, indi-
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ating a down-regulation of the sensitized form of the
MDAR early after injury. At 1 day post-injury, gene ex-
ression of both NR2A and NR2B were found to be re-
uced (Hsu et al., 1998; Zhang et al., 1997), whereas NR1
as not (Gass et al., 1993). Unfortunately, when investi-
ating post-injury NMDAR protein levels, experimenters
sed an antibody that did not differentiate between NR2A
nd NR2B, but instead reported that the NR2A/NR2B com-
ination was significantly reduced at this time point (Zhang
t al., 1997). Importantly, post-ischemic changes in the
MDAR gene expression and protein levels were found to
ave functional implications as electrophysiological prop-
rties were significantly different than those of shams (Hsu
t al., 1998; Zhang et al., 1997). Although helpful in terms
f linking post-injury changes in NMDAR structure with
ost-injury NMDAR function, ischemic injury is substan-
ially different than traumatic injury; in particular, it lacks the
allmark diffuse, biomechanical load of trauma.

Enhancement of current through glutamate’s iono-
ropic receptors has been reported following traumatic
rain injury, including both NMDA (Zhang et al., 1996) and
MPA (Goforth et al., 1999) receptors. Using a model of
tretch injury on cultured cortical neurons that produces
train comparable to in vivo traumatic brain injury (Schrei-
er et al., 1995), Zhang et al. (1996) found that injury

nduced significantly larger ionic currents and calcium in-
ux through the NMDAR in response to NMDA application,
hich was related to a reduction of the Mg�� block. Post-

raumatic enhancement of AMPA-mediated current has
lso been demonstrated and attributed to the reduction of
esensitization (Goforth et al., 1999). Interestingly, both
he strength of NMDAR’s Mg�� block and the rate of
MPA receptor desensitization are determined, at least in
art, by subunit composition of their respective receptors
Burnashev et al., 1992; Dingledine et al., 1999). This
uggests that different subtypes of ionotropic glutamate
eceptors may be modulated post-injury by similar
echanisms.

The mechanism by which the NMDAR subunits are
electively altered following traumatic brain injury remains
nknown. Since lateral fluid percussion brain injury recog-
izably causes a small degree of cell death (depending on

he level of injury severity), the overall pattern of NR2
ubunit reduction in injured animals may simply be due to
he selective loss of cells. However, this is not likely due to
he fact that the same amount of protein was analyzed for
ach Western sample, subunit changes were seen even in
ontralateral ROIs, and the ROIs selected for protein anal-
sis and 45Ca2� imaging showed little histological damage
ith both Fluoro-Jade and Cresyl Violet staining.

The biomechanical load of the fluid percussion injury
tself leads to many downstream changes, each of which

ay be involved in triggering the observed changes in
he NMDAR subunits. The NMDAR itself interacts with
umerous associated signaling pathways (Husi and
rant, 2001b) and thus it is tempting to hypothesize that
hanges in the levels of NMDAR subunits are NMDAR-
ediated. A similar hypothesis was made regarding
hanges in NMDARs following ischemia, and although p
ost-injury alterations were found to be associated with
lutamate release, selective antagonists demonstrated

hat it proceeded via an AMPA/kainate pathway (Heur-
eaux et al., 1994). Alterations in NMDAR subunits re-
orted in this study may be due to changes in gene
xpression, protein synthesis, and/or receptor degrada-

ion, and further study will be necessary to precisely
lucidate these mechanisms.

The most direct explanation for the reduction of
MDAR subunit levels, as well as the decrease in the
R2A:NR2B relative ratio, is an injury-induced down-

egulation in gene expression. However, it has been
eported that subunit-specific binding of the NMDAR
oes not necessarily correspond with subunit mRNA

evels (Healy and Meador-Woodruff, 2000), and that
cutely following cortical contusion injury, the hippocam-
us exhibits a reduction of NR1, NR2A, and NR2B pro-

ein levels but no difference in the amount of the
MDAR subunit mRNA as compared with shams (Ku-
ar et al., 2002). In contrast, the reduction of NMDAR

ubunit levels at 24 h post-ischemic injury had a corre-
ponding reduction in mRNA expression at 12 and 24 h
ost-injury (Zhang et al., 1997). The discrepancy be-

ween these data may be due to the difference of the
njury models, and it is unknown how these findings may
xtrapolate to lateral fluid percussion injury.

The general reduction of NR1, NR2A, and NR2B sub-
nits in viable brain ROIs following lateral fluid percussion
rain injury may be due to post-traumatic internalization
nd degradation of the NMDAR complex, which is recog-
ized as an important regulatory mechanism of glutamate
eceptors at post-synaptic sites. The expression of both
MPA and NMDA receptors is now known to be a dynamic
rocess, with receptors cycling in and out of the post-
ynaptic membrane (Carroll and Zukin, 2002; Luscher et
l., 1999). It is unknown, however, how NMDAR stability
hanges in pathological conditions, such as the aftermath
f traumatic brain injury. Calpain-mediated degradation of
lutamate receptors has been demonstrated in a seizure
odel (Bi et al., 2000). Since calpain (a calcium-depen-
ent cysteine protease) activity has also been found to

ncrease significantly after traumatic brain injury (Kampfl et
l., 1997), similar mechanisms may contribute to reduction
f NR1, NR2A, and/or NR2B following lateral fluid percus-
ion brain injury.

NMDAR degradation may occur via a more indirect
eans as the loss of NR1 and NR2 subunits may be due

o calpain’s degradation of a protein that interacts with the
lutamate receptor (Lu et al., 2001) versus the subunits
hemselves. The NMDAR complex (approximately 2000
Da) is now recognized to include 75 or more proteins
Husi et al., 2000; Husi and Grant, 2001a,b) and it is likely
hat traumatic brain injury affects a subset of these pro-
eins, possibly ones involved in anchoring the receptor in
he plasma membrane. For example, postsynaptic density
rotein 95 (PSD-95) binds the NMDAR (Kornau et al.,
995; Sheng and Pak, 2000) and is implicated in both the
tability of the receptor (Roche et al., 2001) and the cou-

ling of the NMDAR to signal transduction pathways that
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egulate synaptic plasticity and learning (Migaud et al.,
998). It is possible, albeit speculative, that the injury-

nduced increase in calpain activity affects a protein such
s PSD-95, having secondary effects on the NMDAR, such
s acute internalization and degradation. Perhaps as the
euron recovers, other mechanisms such as gene expres-
ion, post-transcriptional modifications, or post-transla-
ional modifications become responsible for the prevalence
f NR2B over NR2A and the resultant sensitized NMDAR.

Determining the precise mechanisms of post-traumatic
MDAR subunit composition alteration will require ongo-

ng investigation. However, from the patterns of injury-
nduced NR2A and NR2B expression demonstrated in this
tudy, it appears that very soon after traumatic brain injury
here is a drastic reduction in all NMDAR subunits at the
ynapse, with the expression of NR2B recovering prior to
hat of NR2A.

lternative hypotheses

s described above, traumatic brain injury induces a shift
n the NMDAR subunit composition to a state that renders
he receptor more easily activated by glutamate and that
llows enhanced ionic flux. The post-traumatic, sensitized
MDARs seem to be repetitively stimulated by post-injury

evels of extracellular glutamate, resulting in chronic chan-
el opening and continuous ionic flux. Whereas the model
f cortical contusion has been reported to elevate extra-
ellular levels of glutamate for an extended period of time
ollowing injury (van Landeghem et al., 2001), fluid percus-
ion injury induces a massive release of glutamate imme-
iately after injury that lasts only on the order of minutes
Faden et al., 1989; Katayama et al., 1990).

Therefore, intermittent glutamate release (rather
han an elevated basal level of glutamate) remains the
ource of stimulation for the sensitized receptors. For
ne, a mild-moderate lateral fluid percussion brain injury
oes not decrease exploratory behavior in the rats at 1
nd 2 days post-injury. So, the synaptic activity accom-
anying typical rat behavior leads to the continual re-

ease of glutamate and this normal physiological activity
ay relate to enhanced activation of sensitized
MDARs. In addition to the normal synaptic release of
lutamate activating the receptors, the post-traumatic
rain is susceptible to secondary insults (like ischemia
r hypotension) that can cause large glutamate surges
Benveniste et al., 1984). In the face of deficient gluta-
ate uptake mechanisms, the typical glutamate spike of

uch insults may be prolonged, resembling a plateau.
ndeed, the secondary injury-induced elevation of extra-
ellular glutamate may cause overactivation of
MDARs, but secondary injury or not, there is adequate
lutamate available to activate NMDARs. Glutamatergic
ctivation of NMDARs with sensitized electrophysiolog-

cal properties seems to contribute to chronic functional
yperactivity of these receptors, which in turn contrib-
tes to the pathophysiology of traumatic brain injury.

The current studies focused on relative changes of
R2A and NR2B (the major subtypes of the NR2 subunit
n the cerebral cortex and hippocampus) following trau- f
atic brain injury, and specific pharmacological block-
de of receptors containing the NR2B subunit confirm

he importance of these subtypes of NR2 subunit. How-
ver, it is also possible that other NMDAR subunits
esides NR2A an NR2B play an important role after

rauma, such as NR2C. In fact, following an in vitro
odel of ischemia, NR2C was found to increase in the
ippocampus relative to NR2A and NR2B (Small et al.,
997). Although it is unknown if NR2C is altered at 1 and
days post-lateral fluid percussion brain injury, the pos-

ibility that cortical levels may be up-regulated does not
ontradict the interpretation of our findings. In fact, prop-
rties of NMDARs containing the NR2C are remarkably
imilar to those of NR2B (including sensitivity to gluta-
ate, length of time channel is open, and absence of
a-dependent inactivation) (Flint et al., 1997; Ishii et al.,
993; Quinlan et al., 1999; Scheetz and Constantine-
aton, 1994; Seeburg et al., 1994; Yamakura and Shi-
oji, 1999) and, in addition, NR2C-containing receptors

ack a significant Mg�� block. Therefore, the potential
ost-injury induction of NR2C may be an additional
echanism that results in a sensitized form of the
MDAR.

NR1 has eight different splice variants (Hollmann et al.,
993; Yamakura and Shimoji, 1999), and although not as
ritical to function as the NR2 subunit, channels containing
ifferent splice variants can have different electrophysio-

ogical properties (Durand et al., 1993; Hollmann et al.,
993; Sugihara et al., 1992). The antibody we used did not
ifferentiate between variants, but rather recognized a se-
uence common to all. Thus, the possibility exists that
raumatic brain injury induces different splice variants of
R1, which can alter function of the NMDAR.

Besides structural changes in the NMDAR subunits,
hanges in regulatory mechanisms of the NMDAR may
lso contribute to altered function post-injury. For example,
he properties of NMDAR seem to be regulated by tyrosine
hosphorylation, and injury may change patterns of phos-
horylation. Following ischemic injury, the phosphorylation
f NR2A and NR2B is enhanced (Takagi et al., 1997)
hich may contribute to alterations in NMDAR function by
ltering signaling pathways and receptor mobility.

In conclusion, lateral fluid percussion brain injury
nduces dynamic molecular alterations in the NMDA re-
eptor resulting in a sensitized form of the receptor.
mportantly, this structural change is accompanied by a
unctional consequence, the enhanced influx of calcium.
njury-induced alteration in receptor structure and func-
ion is a new way to think about traumatic brain injury. As
olecular consideration of this unique pathology contin-
es, it is our hope that appropriate targets will be de-
ned, resulting in effective treatment options for trau-
atic brain injured patients.
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