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Abstract

Traumatic brain injury (TBI) survivors often suffer from a wide range of post-traumatic deficits, including
impairments in behavioral, cognitive, and motor function. Regulation of glutamate signaling is vital for proper
neuronal excitation in the central nervous system. Without proper regulation, increases in extracellular gluta-
mate can contribute to the pathophysiology and neurological dysfunction seen in TBI. In the present studies,
enzyme-based microelectrode arrays (MEAs) that selectively measure extracellular glutamate at 2 Hz enabled
the examination of tonic glutamate levels and potassium chloride (KCl)-evoked glutamate release in the pre-
frontal cortex, dentate gyrus, and striatum of adult male rats 2 days after mild or moderate midline fluid
percussion brain injury. Moderate brain injury significantly increased tonic extracellular glutamate levels by
256% in the dentate gyrus and 178% in the dorsal striatum. In the dorsal striatum, mild brain injury significantly
increased tonic glutamate levels by 200%. Tonic glutamate levels were significantly correlated with injury
severity in the dentate gyrus and striatum. The amplitudes of KCl-evoked glutamate release were increased
significantly only in the striatum after moderate injury, with a 249% increase seen in the dorsal striatum. Thus,
with the MEAs, we measured discrete regional changes in both tonic and KCl-evoked glutamate signaling,
which were dependent on injury severity. Future studies may reveal the specific mechanisms responsible for
glutamate dysregulation in the post-traumatic period, and may provide novel therapeutic means to improve
outcomes after TBI.
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Introduction

Approximately 1.5 million Americans suffer from
traumatic brain injury (TBI) each year, with mild TBI

accounting for as many as 75% of all injuries (Centers for
Disease Control and Prevention, 2003). Survivors of TBI often
suffer from a wide variety of neurological deficits that impair
quality of life (Baddeley, 1992; Capruso and Levin, 1992; Le-
vine et al., 2002; McAllister, 1992). Glutamate signaling in the
central nervous system (CNS) plays a pivotal role in the acute
pathophysiology of TBI. Primary mechanical forces of the

initial injury can compromise the blood–brain barrier and
cellular membranes, allowing increased glutamate release
into the extracellular space (Bullock et al., 1998; Farkas et al.,
2006; Schmidt and Grady, 1993). The redistribution of ions
after injury can further depolarize neurons and augment the
release of glutamate (Katayama et al., 1990). Excessive glu-
tamate receptor activation can promote cellular damage
through secondary injury cascades by disrupting ionic ho-
meostasis in the cell, activating calcium-dependent proteases
and phospholipases, uncoupling mitochondrial ATP synthe-
sis, promoting oxidative stress, producing reactive oxygen
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species, depleting glutathione levels, and increasing the en-
ergy demand of the cell (Faden et al., 1989; Hall et al., 1994;
McIntosh et al., 1996; Yi and Hazell, 2006). Further, clinical
reports have reported increases in extracellular glutamate up
to 4 days after injury that correlated with increased intracra-
nial pressure and unfavorable outcomes (Bullock et al.,
1995).These prior studies emphasize the consequences of CNS
glutamate dysregulation, and the need to examine changes in
glutamate signaling that occur in the post-traumatic period
after TBI that may be responsible for aberrant neuronal sig-
naling and contribute to neurological deficits.

Glutamate is released constantly into the extracellular
space via stimulated and spontaneous exocytosis of synaptic
vesicles, and by carrier-mediated exchange with other amino
acids ( Jabaudon et al., 1999; Jensen et al., 2000). Because there
is no enzyme in the extracellular fluid to degrade glutamate,
the synaptic concentration of glutamate is lowered by diffu-
sion away from the synapse and through glutamate uptake.
Since diffusion of glutamate is limited by the extrasynaptic
anatomy, glutamate uptake is the primary mechanism to
maintain the extracellular concentration of glutamate. In the
CNS, almost all of the glutamate clearance is achieved by
the sodium-dependent excitatory amino acid transporters
(EAATs) GLAST and GLT-1, predominantly located on glia
(Danbolt, 2001).

Previous studies have reported several-fold increases in the
extracellular concentration of glutamate initiated by a TBI,
which subside within 2 h (Faden et al., 1989; Katayama et al.,
1990; Matsushita et al., 2000; Nilsson et al., 1990). These
studies employed microdialysis, a common method for neu-
rochemical sampling in vivo. However, microdialysis suffers
from spatial and temporal limitations that restrict the ability
to sample dynamic fluctuations of glutamate near the synapse
(Hillered et al., 2005; Obrenovitch et al., 2000). The large
sampling area of the microdialysis membrane (1–4 mm in
length), and extensive damage from implantation of the mi-
crodialysis probe, limit the ability to detect neuronal release
(Borland et al., 2005; Jaquins-Gerstl and Michael, 2009). Fur-
ther, the low temporal resolution of microdialysis (1–20 min)
is inadequate to sample the fast dynamics of glutamate release
and clearance that occurs on the order of milliseconds to
seconds (Diamond, 2005).

Interestingly, experimental TBI has yet to produce patho-
logical extracellular concentrations of glutamate, even im-
mediately post-injury (Katayama et al., 1990; Matsushita et al.,
2000), which raises doubt about glutamate excitotoxicity after
TBI (Carbonell and Grady, 1999; Obrenovitch, 1999). In this
study we used midline fluid percussion injury (FPI), a model
of a diffuse closed-head injury that affects both hemispheres
equally and shares pathological features of human head in-
juries (Dixon et al., 1987; McIntosh et al., 1987), to examine
changes in glutamate signaling 2 days after mild or moderate
diffuse brain injury. To study injury-induced alterations in
glutamate neurotransmission, we employed a novel tech-
nique, in vivo amperometry coupled to enzyme-based mi-
croelectrode arrays (MEAs), with high temporal resolution
(2 Hz), a low limit of detection (<1mM), and high spatial
resolution, to selectively measure extracellular glutamate
close to synapses (Burmeister and Gerhardt, 2001; Burmeister
et al., 2002). The improved spatial and temporal resolution of
the MEAs allowed us to examine injury-induced alterations in
tonic glutamate levels and potassium chloride (KCl)-evoked

glutamate release in the prefrontal cortex, dentate gyrus of the
hippocampus, and striatum, brain regions known to play a
role in the behavioral, cognitive, and motor deficits suffered
by TBI survivors (Baddeley, 1992; Capruso and Levin, 1992;
Levine et al., 2002; McAllister, 1992).

Methods

Animals

Male Sprague-Dawley rats (weighing 350–400 g; Harlan
Laboratories Inc., Indianapolis, IN) were used for all experi-
ments. The animals were housed in a 12-h light=dark cycle
with food and water ad libitum according to the Association
for Assessment and Accreditation of Laboratory Animal Care
International. The animals were acclimated to their environ-
ment for at least 1 week before any experiments. After sur-
gery, the animals were monitored daily for postoperative
health. The animal care techniques used were approved by
the University of Kentucky Institutional Animal Care and Use
Committee.

Midline fluid percussion injury

The animals were subjected to midline FPI as previously
described (Lifshitz, 2008). The rats were anesthetized with 4%
isoflurane in 100% oxygen for 5 min and placed in a stereo-
taxic frame in a sterile surgery hood with continuously de-
livered 2% isoflurane. The head was shaved and a 70% alcohol
and povidone-iodine solution was applied. The eyes were
treated with artificial tears and body temperature was main-
tained with a delta-phase heating pad (Braintree Scientific,
Braintree, MA). A midline incision was made and the fascia
was removed from the skull. A 4.7-mm trephine was used for
the craniotomy, centered on the sagittal suture between the
bregma and the lambda without disrupting the underlying
dura or superior sagittal sinus. Anchoring screws were se-
cured in pilot holes remote from the craniotomy. An injury
hub was constructed from a Luer-Loc hub, and the outer di-
ameter of the hub was beveled to match the craniotomy. The
injury hub was fitted into the craniotomy and cyanoacrylate
gel was applied to seal the skull-hub interface. To secure the
injury hub to the anchoring screws, methyl-methacrylate
(Hygenic Corp., Akron, OH) was applied. The hub was filled
with sterile saline and the wound was sutured to prevent
tearing. The animals were allowed to recover for 30–60 min
until ambulatory, and then re-anesthetized with 5% isoflurane
for 5 min. The incision was opened and the injury hub was
inspected. The female Luer-Loc injury hub was connected to
the male Luer-Loc hub of the injury device (Custom Design
and Fabrication, Virginia Commonwealth University, Rich-
mond, VA). As reflexive responses returned, a pendulum
hammer was dropped onto the fluid-filled piston to induce
either a mild or moderate injury. Sham-injured animals un-
derwent the same procedure without induction of injury. The
fluid pressure pulse for mild injury was 1.1� 0.01 atm, and
was 2.0� 0.02 atm for moderate injury. The injury hub was
removed and any bleeding was controlled with Gelfoam
(Pharmacia, Kalamazoo, MI). The incision was closed with
staples. Righting reflex recovery times were recorded for the
injury group, from the time of impact to the time when the
animals spontaneously righted. Mildly-injured animals had
righting reflex times of 144� 34 sec (n¼ 10), and moderate
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injured animals had times of 606� 85 sec (n¼ 11). Sham-
injured animals had righting reflex times of less than 15 sec
(n¼ 10). No animals died from complications caused by the
injury.

Enzyme-based microelectrode arrays

Ceramic-based MEAs, consisting of four platinum record-
ing sites (15�333mm) arranged in dual pairs, were prepared
and selected for in vivo recordings as previously described
(Burmeister et al., 2002; Day et al., 2006). Glutamate-oxidase
(GluOX) covered one pair of recording sites to allow for the
enzymatic conversion of glutamate to a-ketoglutarate and the
generation of the reporter molecule hydrogen peroxide
(H2O2). An inactive protein matrix covered the other pair of
recording sites (sentinel sites). The two different coatings al-
lowed the use of a self-referencing technique, in which the
background current of the sentinel sites can be subtracted
from the current of the GluOX sites, thereby producing a more
selective glutamate measure (Burmeister and Gerhardt, 2001;
Burmeister et al., 2002). A size exclusion layer of 1,3-pheny-
lenediamine (mPD) restricts the passage of large molecules

that can be oxidized, such as ascorbic acid (AA) and dopamine
(DA). Small molecules such as H2O2 diffuse through the ex-
clusion layer, reaching the platinum recording sites (Fig. 1A).

A 10-mL solution of 1% bovine serum albumin (BSA) (Sig-
ma-Aldrich, St. Louis, MO), 0.125% glutaraldehyde (Glut)
(Sigma-Aldrich), and 1% GluOX (Seikagaku America, East
Falmouth, MA) was prepared. Using a dissecting microscope,
a microsyringe was used to manually apply a small drop
(*0.1 mL) of the GluOX solution onto the bottom pair of
platinum recording sites. Three enzyme coats were applied to
the platinum recording sites, with a 1-min drying period be-
tween each coat. The same procedure was used to coat the top
pair of platinum recording sites (sentinel sites), with a solution
containing 1% BSA and 0.125% glutaraldehyde. After coating,
the MEAs were cured for at least 48 h in a low-humidity en-
vironment. The coated MEAs were connected to the FAST-16
mkII system (Fast Analytical Sensor Technology Mark II;
Quanteon, L.L.C., Nicholasville, KY), and the tips of the
MEAs were placed in a 5-mM mPD solution (Acros Organics,
Morris Plains, NJ). Electroplating software was used to
apply a potential as a triangular wave with an offset of –0.5 V,
peak-to-peak amplitude equal to 0.25 V, at a frequency of

FIG. 1. (A) Schematic diagram showing the configuration and coatings applied to the microelectrode arrays (MEAs). The
lower pair of platinum electrode sites was prepared with a mixture of glutamate-oxidase (GluOX), bovine serum albumin
(BSA), and glutaraldehyde (Glut), as illustrated at left. The upper pair of platinum sites was prepared only with BSA and
Glut, as illustrated at right. A layer of m-phenylenediamine (mPD) was electroplated onto the recording sites, providing a
size-exclusion layer to block major interferents, such as ascorbic acid (AA) and dopamine (DA). (B) MEAs in vitro calibration
measuring the change in current on a GluOX site (solid line) and a sentinel site (dashed line) with addition of multiple
analytes ( : ). The addition of interferents such as AA and DA produced no change in current on the GluOX or sentinel sites.
Three glutamate (Glu) additions showed a stepwise increase of current on the GluOX site, with no response on the sentinel
site. The addition of hydrogen peroxide (H2O2) produces an increase in current on both the GluOX and sentinel sites. (C)
Illustrations of coronal sections of the rat brain (Paxinos and Watson, 1998) highlight the regions of interest for glutamate
recording (*), in the prefrontal cortex (PFC, AP: 3.2 mm), striatum (STR, AP: 1.0 mm), and dentate gyrus (DG, AP: �4.3 mm).
(D) Representative in vivo recording from a GluOX site and a sentinel site. Local application of potassium chloride (KCl) ( : )
produced reproducible glutamate release, highlighting the fast kinetics of glutamate release and uptake. Tonic glutamate was
calculated in each brain region after the microelectrode had reached a stable baseline. KCl-evoked glutamate release was
analyzed using the following parameters: amplitude, T80, and k�1, for each signal. The parameters are shown separately for
clarity.
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0.05 Hz, for a period of 20 min, to electroplate the mPD onto
all platinum recording sites. The MEAs were cured for an
additional 24 h in a low-humidity environment before use.

Microelectrode array calibration

Calibrations were conducted to test the capability of the
MEAs to measure glutamate and to generate a standard curve
for the conversion of current to glutamate concentration.
Constant potential amperometry was performed with the
MEAs using the FAST-16 mkII system. A potential of þ0.7 V
versus an Ag=AgCl reference was applied to oxidize the re-
porter molecule, H2O2, which is a two-electron oxidation re-
action that occurs at the platinum recording sites of the MEAs
(Fig. 1A). The resulting current was amplified and digitized
by the recording system. The platinum recording sites of the
MEAs were placed in a continuously stirred 40-mL solution of
0.05 M phosphate-buffered saline (PBS) maintained at 378C
with a recirculating water bath (Gaymar Industries Inc.,
Orchard Park, NY). The MEAs were exposed to final con-
centrations of 250 mM ascorbic acid (AA), 20, 40, and 60mM
glutamate, 2 mM dopamine (DA), and 8.8 mM H2O2 (Fig. 1B).
The parameters tested were limit of detection (LOD), selec-
tivity for glutamate over AA, slope of the electrode (sensi-
tivity), and linearity of the glutamate response (R2). The
average LOD was 0.8� 0.1 mM, selectivity was 167� 19:1
(glutamate:ascorbic acid), and slope was 3.4� 0.3 pA=mM
(n¼ 51 GluOX recording sites).

In a separate study, we examined MEA performance after
in vivo recordings. The post-implantation calibrations dem-
onstrated that the parameters were no different (pre- versus
post-implantation; n¼ 24 GluOX recording sites, by paired
t-test): limit of detection (1.1� 0.1 mM versus 1.5� 0.4 mM;
p¼ 0.37), selectivity (93� 21 versus 83� 26; p¼ 0.77), and
slope (2.1� 0.2 pA=mM versus 2.2� 0.1 pA=mM; p¼ 0.68).

Oxygen is a required co-factor of GluOx for the production
of the reporter molecule, hydrogen peroxide. Therefore we
examined if low oxygen concentrations would affect MEA
performance. Glutamate responses were minimally affected
by oxygen concentration, and the performance even at 0mM
oxygen was within 80% of the MEA response obtained in air-
saturated buffer (200 mM; Supplementary Figure 1; see online
supplementary material at http:==www.liebertonline.com).

Microelectrode array=micropipette assembly

For local application of solutions in the rat brain, glass
micropipettes (1 mm outside diameter and 0.58 mm inside
diameter [ID]; A-M Systems, Inc., Everett, WA) were pulled
(Kopf Instruments, Tujunga, CA), and the tips of the mi-
cropipettes were bumped to create a tip with an ID of 10–
15 mm. The micropipettes were placed centrally among all
four platinum recording sites and mounted 50–100mm above
the MEAs. The micropipettes were filled with sterile filtered
(0.20 mm) isotonic KCl solution (70 mM KCl, 79 mM NaCl,
and 2.5 mM CaCl2, or 120 mM KCl, 29 mM NaCl, and
2.5 mM CaCl2; pH 7.4), at concentrations previously used to
elicit reproducible KCl-evoked glutamate release in the brain
regions of interest (Burmeister et al., 2002; Day et al., 2006;
Stephens et al., 2009). The micropipette was attached to a
Picospritzer III (Parker-Hannifin, Cleveland, OH), with set-
tings adjusted to consistently deliver volumes between 50
and 100 nL. Pressure was applied from 2–20 p.s.i. for 1 sec.

Volume displacement was monitored with the use of a ste-
reomicroscope fitted with a reticule (Friedemann and Ger-
hardt, 1992).

In vivo anesthetized recording

Two days after midline FPI, the rats were anesthetized with
urethane (1.25 g=kg IP; Sigma-Aldrich), and prepared for
in vivo electrochemical recordings as previously described
(Burmeister et al., 2002; Day et al., 2006; Pomerleau et al.,
2003). Briefly, the animals were placed in a stereotaxic frame
and body temperature was maintained at 378C with a water
pad connected to a recirculating water bath. A craniotomy
was performed to provide access to the prefrontal cortex
(AP:þ 3.2 mm, ML:þ 0.8 mm, DV: �4.5 mm), dentate gyrus
(AP: �4.3 mm, ML:þ 2.1 mm, DV: �4.2), and striatum
(AP:þ 1.0 mm, ML:þ 2.5 mm, DV: �4.0, �4.5, and �5.0 mm;
Paxinos and Watson, 1998; Fig, 1C). An Ag=AgCl reference
wire was implanted into the lateral parietal cortex in the op-
posite hemisphere from the recording areas. The MEA was
lowered into the brain using a microdrive (MO-10; Narishige
International, East Meadow, NY). All MEA recordings were
performed at a frequency of 2 Hz using constant potential
amperometry. After the MEA reached a stable baseline (10–
15 min), tonic glutamate levels (mM) were calculated by
averaging extracellular glutamate levels over 10 sec. Local
application of KCl produced glutamate signals that were re-
producible every 30 sec. Each signal was analyzed using the
following parameters: amplitude (mM), T80 (sec) the time for
the signal to decay by 80% from the peak amplitude, and k�1

(sec�1), the slope of the linear regression of the natural log
transformation of the decay over time (Fig. 1D; Thomas et al.,
2009). Approximately eight reproducible signals were evoked
at each location, and then averaged into a representative
signal for comparisons between injury groups. After record-
ing from all locations, an MEA with an attached micropipette
was used to locally apply green waterproof drawing ink
(Higgins; Eberhard Faber Inc., Lewisburg, TN), which was
used to confirm MEA placement during brain sectioning.

Statistical analysis

Amperometric data were analyzed using custom Microsoft
Excel�-based software to determine the tonic levels and KCl-
evoked signal parameters. To determine tonic levels of glu-
tamate in the different brain regions, the background current
from the sentinel site was subtracted from the current of the
GluOX site. Then the resulting current (pA) was divided by
the slope (mM=pA) obtained during the calibration to deter-
mine the tonic glutamate concentration in a given brain re-
gion. Data from the dentate gyrus and prefrontal cortex were
analyzed by a one-way analysis of variance (ANOVA), fol-
lowed by a Bonferonni post-hoc test. For the striatum, data
were analyzed using a repeated-measures two-way ANOVA,
followed by a Bonferonni post-hoc test (injury severity versus
depth). Data are presented as mean� SEM, and statistical
significance was defined as p< 0.05.

Results

Prefrontal cortex: Tonic and evoked glutamate release

Tonic glutamate levels were not significantly changed in
the prefrontal cortex 2 days after mild or moderate diffuse
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brain injury [ANOVA: F (2,18)¼ 0.8, p¼ 0.43; Fig. 2A]. Tonic
levels averaged 4.1� 1.4 mM (sham), 4.2� 1.3 mM (mild), and
6.2� 2.5 mM (moderate). Local application of *50 nL of
120 mM KCl produced reproducible glutamate release in the
prefrontal cortex. Representative recordings demonstrate
similar evoked-glutamate signals from local application of
KCl between the sham and injury groups (Fig. 2B). The am-
plitudes of KCl-evoked glutamate release in the prefrontal
cortex were not significantly changed after diffuse brain in-
jury [ANOVA: F (2,15)¼ 0.49, p¼ 0.62; Fig. 2C]. The ampli-
tudes of KCl-evoked glutamate release in the sham, mild, and
moderate brain-injured rats were 5–10 times larger than the
corresponding tonic levels of glutamate. Amplitudes aver-
aged 31.9� 4.5 mM, 40.2� 11.5 mM, and 27.8� 9.6 mM in the
sham, mild, and moderate brain-injured groups, respectively.
Clearance parameters (T80 and k�1) of the KCl-evoked glu-
tamate signal back to tonic levels were equivalent among all
groups (Table 1). Thus, mild or moderate midline FPI did not
produce significant changes in the tonic glutamate concen-
tration, the amplitude of KCl-evoked glutamate release, or
glutamate clearance parameters in the prefrontal cortex.

Dentate gyrus: Tonic and evoked glutamate release

Tonic glutamate levels in the hippocampal dentate gyrus
were significantly elevated after brain injury [ANOVA: F
(2,21)¼ 4.9, p¼ 0.018]. Tonic levels averaged 1.6� 0.4 mM
(sham), 4.3� 1.4 mM (mild), and 5.7� 2.3 mM (moderate).
Moderate brain-injured animals exhibited a significant 256%
increase in tonic glutamate levels compared to sham controls
(Fig. 3A). Tonic glutamate levels in mild brain-injured animals
were not significantly different from sham or moderate brain-
injured animals. Local application of *75 nL of 70 mM
KCl produced reproducible glutamate release in the dentate
gyrus. Representative recordings demonstrate similar evoked-
glutamate signals from local application of KCl for the sham

and brain-injured groups (Fig. 3B). The amplitudes of evoked-
glutamate release in the dentate gyrus were not significantly
different between groups [ANOVA: F (2,18)¼ 0.41, p¼ 0.67;
Fig. 3C]. The amplitude of KCl-evoked glutamate release in
the sham-, mild-, and moderate injured rats were 4–15 times
larger than the tonic glutamate levels, as amplitudes averaged
25.1� 4.9 mM, 19.1� 4.9 mM, and 24.7� 5.9 mM, respectively.
Clearance parameters (T80 and k�1) of the KCl-evoked glu-
tamate signal back to tonic levels were equivalent among all
groups (Table 1). Thus, tonic levels of extracellular glutamate
were significantly increased after moderate midline FPI, with
no significant changes in the amplitude of KCl-evoked glu-
tamate release or glutamate clearance parameters in the
dentate gyrus after mild or moderate midline FPI.

Striatum: Tonic and evoked glutamate release

With the high spatial resolution of the platinum recording
sites, glutamate responses were sampled from multiple
depths of the large heterogeneous structure of the rat striatum
(DV: �4.0, �4.5, and �5.0 mm). Tonic glutamate levels were
significantly affected by brain injury severity [ANOVA: F
(2,42)¼ 9.26, p¼ 0.0005], and by recording depth in the
striatum [ANOVA: F (2,42)¼ 4.87, p¼ 0.0183]. At �4.0 mm in
the striatum, tonic levels averaged 2.3� 0.6 mM (sham),
6.9� 1.2 mM (mild), and 6.4� 1.2 mM (moderate). Mild and
moderate brain injury produced a significant increase in tonic
glutamate levels at a depth of �4.0 mm compared to sham
control animals, with a significant 200% increase after mild
brain injury, and a significant 178% increase after moderate
brain injury (Fig. 4A). The injury-induced increases in tonic
glutamate levels after mild and moderate brain injury com-
pared to sham animals at recording depths of �4.5 and
�5.0 mm did not reach statistical significance.

Local application of *100 nL of 70-mM KCl produced re-
producible glutamate release in all depths of the striatum.

FIG. 2. Tonic and potassium chloride (KCl)-evoked release of glutamate in the prefrontal cortex of the urethane-
anesthetized rat. (A) Tonic glutamate levels were not significantly different after mild or moderate midline fluid percussion
injury (FPI) (n¼ 7). (B) Baseline-matched representative recordings exhibit no significant change in KCl-evoked glutamate
release after midline FPI. Local application of KCl ( : ) produced a robust increase in extracellular glutamate that rapidly
returned to tonic levels. (C) The average amplitudes of KCl-evoked glutamate release were not significantly different after
mild or moderate midline FPI (n¼ 6).
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Representative recordings of KCl-evoked glutamate release in
the dorsal striatum (�4.0 mm) demonstrate the significantly
elevated amplitude of glutamate release after moderate brain
injury (Fig. 4B). At �4.0 mm in the striatum, the amplitude of
KCl-evoked glutamate release was 10–25 times larger than the
tonic glutamate concentration, as amplitudes averaged
14.9� 2.4, 16.1� 1.9, and 52.0� 16.6 mM in the sham, mild,
and moderate brain-injured animals, respectively. The am-
plitude of evoked-glutamate release was significantly affected
by brain injury severity [ANOVA: F (2,42)¼ 24.96, p< 0.0001],
but not by recording depth of the MEA [ANOVA: F
(2,42)¼ 0.02, p¼ 0.97]. Amplitudes of the KCl-evoked gluta-
mate release after moderate brain injury were significantly
elevated, by 249%, 302%, 153%, at �4.0, �4.5, and �5.0 mm,
respectively (Fig. 4C). Clearance parameters (T80 and k�1) of
the KCl-evoked glutamate signal back to tonic levels were
equivalent at all depths of the striatum between all groups
(Table 1). Thus the striatum exhibits significantly elevated
tonic glutamate levels after mild and moderate midline FPI,
whereas the amplitude of KCl-evoked glutamate release was
elevated significantly only after moderate brain injury.

Tonic glutamate levels correlate with injury force

To examine if injury force (atm) is predictive of tonic glu-
tamate levels, linear correlations were calculated for the three
brain regions. The correlation was not significant in the pre-
frontal cortex (Pearson r2¼ 0.05; p¼ 0.30). However, tonic
glutamate levels were significantly correlated with injury
force in the dentate gyrus (Pearson r2¼ 0.29; p¼ 0.006), and in
the striatum, when the three recording depths were averaged
into a single value (Pearson r2¼ 0.22; p¼ 0.019; Fig. 5). Thus
injury force was predictive of elevated tonic glutamate levels
in the dentate gyrus and the striatum at 2 days after diffuse
brain injury.

Discussion

We examined the extent of glutamate dysregulation 2
days after diffuse brain injury, which may contribute to
aberrant neuronal signaling and the propagation of sec-
ondary injury cascades. The present study was a first at-
tempt to use enzyme-based MEAs to examine regional
changes in glutamate signaling after TBI. First, the prefrontal

Table 1. Clearance Parameters of KCl-Evoked Glutamate Release

T80 (sec) K�1 (sec�1)

Sham Mild FPI Moderate FPI Sham Mild FPI Moderate FPI

Prefrontal cortex 7.0� 0.6 8.7� 1.5 7.4� 1.6 0.11� 0.02 0.11� 0.02 0.15� 0.01
Dentate gyrus 5.5� 0.8 7.1� 1.3 5.6� 0.6 0.17� 0.03 0.17� 0.03 0.16� 0.05
Striatum (�4.0 mm) 5.4� 0.4 6.0� 0.6 6.9� 0.8 0.14� 0.02 0.14� 0.03 0.13� 0.02
Striatum (�4.5 mm) 4.3� 0.3 5.3� 1.2 5.1� 0.8 0.21� 0.04 0.19� 0.05 0.25� 0.02
Striatum (�5.0 mm) 4.4� 0.6 5.9� 1.5 5.9� 1.1 0.27� 0.06 0.18� 0.04 0.21� 0.03

Mean� SEM; prefrontal cortex n¼ 6; dentate gyrus n¼ 7; striatum n¼ 8.
KCl, potassium chloride; FPI, fluid percussion injury; SEM, standard error of the mean.

FIG. 3. Tonic and potassium chloride (KCl)-evoked release of glutamate in the dentate gyrus in the hippocampus of the
urethane-anesthetized rat. (A) Tonic glutamate levels were significantly increased after moderate midline fluid percussion
injury (FPI) in the dentate gyrus (*p< 0.05, n¼ 8). (B) Baseline-matched representative recordings exhibit no significant
change in KCl-evoked glutamate release after midline FPI. (C) The average amplitudes of KCl-evoked glutamate release were
not significantly different after mild or moderate injury (n¼ 7).

894 HINZMAN ET AL.



cortex exhibited no significant alterations in glutamate sig-
naling 2 days after diffuse injury. Second, tonic glutamate
levels in the dentate gyrus and striatum were significantly
increased after midline FPI. Third, moderate midline FPI
produced significant increases in the amplitudes of evoked-
glutamate release at multiple depths of the striatum. Finally,
tonic glutamate levels in the dentate gyrus and striatum
were significantly correlated with the mechanical forces of
injury.

MEAs have improved upon some limitations inherent to
microdialysis for sampling glutamate in vivo. The high spatial
resolution of the platinum recording sites allowed glutamate
measurements from discrete regions, which is vital in study-
ing local glutamate regulation. Also, the 2-Hz sampling rate of
the MEAs records the fast dynamics of glutamate signaling
that may be susceptible to TBI pathophysiology. The im-
proved spatial resolution and limited damage to the sur-
rounding tissue (Rutherford et al., 2007) allow MEAs to
sample glutamate spillover from nearby synapses that are
tetrodotoxin (TTX)-sensitive (Day et al., 2006; Hascup et al.,
2008). In contrast, microdialysate samples of glutamate are
largely TTX-independent and poorly correlated with the
concentration of glutamate near synapses (Timmerman and
Westerink, 1997; Obrenovitch, 1999). Moreover, the small re-
cording sites of the MEAs require little tissue oxygen utiliza-
tion, and the electrochemical oxidation of peroxide produces
oxygen as supplementary substrate for the GluOX enzyme.
However, in anoxic tissue MEAs performance may be com-
promised.

Tonic glutamate levels in the dentate gyrus and striatum
are positively correlated with injury severity. However, the
concentrations do not appear to reach excitotoxic levels, as
even a continuous infusion of 1.8 M glutamate at 0.5 mL=h

was insufficient to produce a neuropathological lesion
(Mangano and Schwarcz, 1983). The present study was
carried out under urethane anesthesia, which can decrease
tonic glutamate levels by 60–80% (Rutherford et al., 2007).
Therefore, the values reported here may represent only a
fraction of the tonic glutamate concentration in the awake
animal. Still, the increased tonic glutamate levels may con-
tribute to the development or maintenance of diffuse brain
injury pathophysiology. The observed tonic glutamate levels
may explain elevated neuronal calcium levels, and altered
calcium regulation, which result in the calpain-mediated
spectrin proteolysis reported after midline FPI (Sun et al.,
2008; McGinn et al., 2009). With regard to secondary injuries,
increased tonic glutamate levels after the initial injury may
produce increased susceptibility to excitotoxic damage, or
provide neuroprotection via preconditioning. Future work
should examine the effect of increased tonic glutamate levels
on a secondary insult, and identify alternate sources of
glutamate that contribute to the increased tonic glutamate
levels.

Tonic glutamate levels appear to be independent of
evoked-glutamate release, as we report significant increases
in tonic glutamate levels in the presence and absence of al-
terations in KCl-evoked glutamate release, depending on
brain region. Evoked-glutamate release, unlike the graded
response in tonic glutamate levels, exhibited an all-or-none
response with injury severity. Local application of isotonic
KCl depolarized local axons and pre-synaptic terminals,
evoking neurotransmitter release. The evoked increase in
extracellular glutamate was transient, as glutamate uptake
rapidly restores the glutamate concentration back to tonic
levels. Although transient, elevated evoked-glutamate re-
lease may prolong secondary injury cascades, by excessively

FIG. 4. Tonic and potassium chloride (KCl)-evoked release of glutamate in the striatum of the urethane-anesthetized rat. (A)
Tonic glutamate levels were significantly increased after mild or moderate injury in the striatum at a depth of �4.0 mm, with
no significant changes at �4.5 mm or �5.0 mm (*p< 0.05, n¼ 8). (B) Baseline-matched representative recordings of KCl-
evoked glutamate release showed that there was a significant increase in the amplitude of glutamate release after moderate
midline fluid percussion injury (FPI). Local application of KCl ( : ) produced a robust increase in extracellular glutamate that
rapidly returned to tonic levels. (C) The average amplitudes of KCl-evoked glutamate release in the rat striatum at �4.0, �4.5,
and �5.0 mm were significantly increased after moderate midline FPI with local application of 100 nL of 70 mM KCl,
compared to sham or mild injury animals (*p< 0.05, **p< 0.01, n¼ 8; MEAs, microelectrode arrays).
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activating ionotropic receptors, increasing calcium influx, and
activating proteases (McIntosh et al., 1996). Elevated evoked-
glutamate release could arise from several different mecha-
nisms. First, the pre-synaptic terminal could release more
glutamate vesicles or vesicles with higher glutamate concen-
trations. Lateral FPI produces transient changes in the syn-
aptic machinery, specifically complexin I and II, up to 1 week
after injury, which could alter neurotransmitter packag-
ing and synaptic release (Yi and Hazell, 2006). Furthermore,
free radicals can increase KCl-evoked glutamate release
(Pellegrini-Giampietro et al., 1990). Second, reduced gluta-
mate transporter function would increase the extracellular
glutamate concentration. Controlled cortical impact decreases
the expression of GLT-1 and GLAST, the EAATs that mediate

most of the glutamate uptake in the rat brain (Rothstein et al.,
1996; Rao et al., 1998). Third, synaptic reorganization may
alter synaptic structure and function. Future work could ex-
plore clearance of locally applied glutamate into the extra-
cellular space to evaluate EAATs surface expression (Nickell
et al., 2007).

Midline FPI produces a diffuse, multi-focal pathology with
significant neurological impairments after mild and moderate
injury, without overt cavitation (Hamm, 2001; Kelley et al.,
2007; McIntosh et al., 1987; Schmidt and Grady, 1993). In
addition, physiological disturbance may contribute to ob-
served post-traumatic deficits (Delahunty et al., 1995; Lyeth
et al., 1990). The spectrum of deficits includes behavioral,
cognitive, and motor impairments, ascribed to the prefron-
tal cortex, hippocampus, and striatum (Baddeley, 1992;
Capruso and Levin, 1992; Khan et al., 2003; Levine et al., 2002;
McAllister, 1992).

The medial prefrontal cortex receives glutamatergic
projections from the mediodorsal nucleus of the thala-
mus, hippocampus, and amygdala (Steketee, 2003). Post-
traumatic impairments in working memory have been
linked to damage in the medial prefrontal cortex (Baddeley,
1992; Delatour and Gisquet-Verrier, 2000; Levine et al.,
2002). Here, we report no significant changes in tonic glu-
tamate levels or evoked glutamate release in the medial
prefrontal cortex, likely due to the injury type or the selected
time point. Few reports have examined the prefrontal cortex
after midline FPI, reporting blood–brain barrier disruption
within 24 h post-injury (McIntosh et al., 1987; Schmidt and
Grady, 1993). After controlled cortical impact, impairments
in working memory have been attributed to excessive
GABA-meditated inhibition weeks post-injury (Kobori and
Dash, 2006; Kobori et al., 2006). Thus diffuse brain injury in
the medial prefrontal cortex retains glutamate regulation at
2 days post-injury.

The dentate gyrus of the hippocampus receives glutamate
projections from the entorhinal cortex and projects to area
CA3 (Andersen, 2007). Survivors of TBI suffer from impair-
ments in learning and memory attributed to hippocampal
damage (Tate and Bigler, 2000). Midline FPI produces sig-
nificant deficits in Morris water maze memory tests 11–15
days after injury (Hamm et al., 1993; Liu et al., 1994). In the
absence of significant neuronal cell death, physiological
changes in the hippocampus may contribute to functional
deficits (Delahunty et al., 1995; Grady et al., 2003; Lyeth et al.,
1990). The significantly elevated tonic glutamate levels seen
after moderate brain injury may provide a potential substrate
for the increased hippocampal excitability reported 2 days
after midline FPI (Reeves et al., 1995), and the ensuing cog-
nitive deficits.

The striatum receives glutamatergic projections from the
thalamus and virtually all regions of the neocortex (Fonnum
et al., 1981). Survivors of TBI suffer motor and cognitive im-
pairments (Khan et al., 2003), as reported with glutamate and
dopamine dysregulation in the striatum (Canales et al., 2002).
Injury-induced increases in tonic and evoked-glutamate re-
lease in the striatum at 2 days post-injury may underlie the
motor deficits seen within 5 days post-injury, and the memory
deficits seen within 11–15 days post-injury (Hamm, 2001; Liu
et al., 1994). Two weeks after controlled cortical impact, do-
pamine neurotransmission in the striatum exhibited de-
creased electrically-induced dopamine overflow, decreased

FIG. 5. Correlations of tonic glutamate levels with injury
force in the rat prefrontal cortex, dentate gyrus, and stria-
tum. Tonic glutamate levels were not significantly corre-
lated with injury force in the prefrontal cortex (n¼ 7), but
were significantly correlated in the dentate gyrus (**p< 0.01;
n¼ 8), and in the striatum (*p< 0.05; n¼ 8; atm, atmo-
sphere).
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levels of the dopamine transporters, and decreased dopamine
uptake from the extracellular space (Wagner et al., 2005).
Activation of ionotropic glutamate receptors reduces evoked-
dopamine release in the striatum (Wu et al., 2000). The
glutamate-dopamine interactions underlying motor and
cognitive function warrant further investigation to explain the
neurological deficits observed in experimental and clinical
TBI.

In conclusion, we used MEAs in combination with midline
FPI to examine how diffuse brain injury alters glutamate
signaling, without the influence of tissue destruction seen in
focal injury models. Our results demonstrate that elevated
glutamate signaling contributes to the pathophysiology of
diffuse brain injury, establishing a basis for further functional
deficits. The specific mechanisms responsible for the eleva-
tions in tonic glutamate levels and evoked-glutamate release
in vivo should be explored over a more complete time course
to identify novel therapeutic targets to improve outcomes
after TBI.
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