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Metabolic and Histologic Effects of Sodium Pyruvate
Treatment in the Rat after Cortical Contusion Injury
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Abstract

This study determined the effects of intraperitoneal sodium pyruvate (SP) treatment on the levels of circulating
fuels and on cerebral microdialysis levels of glucose (MDyy), lactate (MDy,.), and pyruvate (MD,,,), and the effects
of SP treatment on neuropathology after left cortical contusion injury (CCI) in rats. SP injection (1000 mg/kg) 5 min
after sham injury (Sham-SP) or CCI (CCI-SP) significantly increased arterial pyruvate (p <0.005) and lactate
(p <0.001) compared to that of saline-treated rats with CCI (CCI-Sal). Serum glucose also increased significantly in
CCI-SP compared to that in CCI-Sal rats (p < 0.05), but not in Sham-SP rats. MD,,,,, was not altered after CCI-Sal,
whereas MDy, levels within the cerebral cortex significantly increased bilaterally (p < 0.05) and those for MDy.
decreased bilaterally (p < 0.05). MD,,. levels increased significantly in both Sham-SP and CCI-SP rats (p < 0.05 vs.
CClI-Sal) and were higher in left/injured cortex of the CCI-SP group (p < 0.05 vs. sham-SP). In CCI-SP rats the
contralateral MDy,. decreased below CCI-Sal levels (p < 0.05) and the ipsilateral MDy. levels exceeded those of
CCI-Sal rats (p < 0.05). Rats with a single low (500 mg/kg) or high dose (1000 mg/kg) SP treatment had fewer
damaged cortical cells 6h post-CCI than did saline-treated rats (p <0.05), but three hourly injections of SP
(1000 mg/kg) were needed to significantly reduce contusion volume 2 weeks after CCI. Thus, a single intraperi-
toneal SP treatment increases circulating levels of three potential brain fuels, attenuates a CCl-induced reduction in
extracellular glucose while increasing extracellular levels of pyruvate, but not lactate, and can attenuate cortical
cell damage occurring within 6h of injury. Enduring (2 week) neuronal protection was achieved only with
multiple SP treatments within the first 2 h post-CCI, perhaps reflecting the need for additional fuel throughout the
acute period of increased metabolic demands induced by CCL
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Introduction known to induce mitochondrial dysfunction (Vink et al., 1990;
Verweij et al., 1997; Xiong et al., 1997), increase free radical
production and oxidative stress (Hall et al., 1993, 2004;

Marklund et al., 2001; Tavazzi et al., 2005), induce zinc release

T IS NOW WELL ESTABLISHED THAT TRAUMATIC BRAIN injury
(TBI) results in a dynamic cascade of physiological, bio-

chemical, and cellular alterations that can impact cerebral
metabolism and energy production. TBI-induced glutamate
release and ionic fluxes (Faden et al., 1989; Katayama et al.,
1990, 1995; Yoshino et al., 1992; Fineman et al., 1993; Palmer
et al., 1993; Rose et al., 2002) initiate increased metabolic de-
mands, reflected in early, transient increases in cerebral met-
abolic rates for glucose (Sunami et al., 1989b; Yoshino et al.,
1991; Kawamata et al., 1992; Sutton et al., 1994; Lee et al., 1999)
and increased anaerobic glycolysis, reflected by an increase in
extracellular and tissue lactate levels (Kawamata et al., 1995;
Dhillon et al., 1997; Bartnik et al., 2005, 2007b). TBI is also

and accumulation (Suh et al., 2000, 2006; Hellmich et al., 2004,
2007), and activate poly(ADP-ribose) polymerases (PARP)
(Laplaca et al., 1999; Besson et al., 2003; Satchell et al., 2003;
Clark et al., 2007). All of the latter inter-related effects can have
diverse inhibitory effects on multiple components of meta-
bolic pathways and hence impact the injured brain’s ability to
produce energy sufficient to meet ongoing metabolic de-
mands.

Glucose metabolism in particular will be altered by zinc-
or oxidative stress-induced inhibition of glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) activity, and/or by
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zinc- or PARP activation-induced reductions in nicotinamide
adenine dinucleotide (NAD™"), the co-factor for GAPDH
(Sheline et al., 2000; Satchell et al., 2003; Clark et al., 2007).
Therefore, although there is a variable period of increased
energy demand in the brain after TBI (Sunami et al., 1989a;
Nilsson et al., 1994; Bergsneider et al., 1997; Vespa et al., 1999;
Kubota et al., 2003; D’Ambrosio et al., 2004), the pathophys-
iology of TBI can interfere with glucose metabolism, or shunt
glucose to pathways involved in combating oxidative damage
and nucleotide production (Bartnik et al., 2005, 2007b; Dusick
et al., 2007). The alternative fates or uses of glucose post-TBI
combined with increased metabolic demands of injured tissue
in the face of reduced cerebral blood flow and supply of
metabolic substrates may lead to a state of energy crisis and
eventual neuronal death.

Recently there has been increasing interest and research
into the possibility that provision of exogenous fuels, the
monocarboxylates in particular, can be used to augment ce-
rebral metabolism and/or improve outcomes after TBI. For
example, it is reported that intravenous lactate accumulates in
extracellular fluid and attenuates TBI-induced reductions in
extracellular glucose (Chen et al., 2000a, 2000b), reduces TBI-
induced cognitive deficits (Rice et al., 2002), attenuates re-
ductions in cortical adenosine triphosphate (ATP) levels
(Holloway et al., 2007), and improves oxygen consumption
after TBI (Levasseur et al., 2006). Exogenous lactate adminis-
tered via cerebral microdialysis was also reported to reduce
glutamate-induced neuronal damage (Ros et al., 2001), and
inhibition of monocarboxylate transporters (MCT) to block
lactate uptake was reported to increase neuronal damage after
cerebral ischemia (Schurr et al., 2001). Members of our lab
have reported that intravenous f-hydroxybutyrate is taken up
and oxidized in the adult TBI brain (Prins et al., 2004), and
provision of a ketogenic diet after TBI produces an age-
dependent reduction in cortical injury volume (Prins et al.,
2005). Other exogenous fuels need to be explored as possible
therapeutic interventions since conversion of lactate to pyru-
vate in the lactate dehydrogenase (LDH) reaction requires
NAD™ (pyruvate + NADH « lactate + NAD™"), the supply of
which is already diminished after TBI (Satchell et al., 2003;
Clark et al., 2007), and the efficacy of ketone bodies may be
limited to younger victims of TBI (Prins et al., 2005; Prins,
2008). Pyruvate is an appealing candidate for such investi-
gations, as it can readily cross the blood-brain barrier (Miller
and Oldendorf, 1986) and enter the tricarboxylic acid (TCA)
cycle to serve as a cellular energy substrate (Tsacopoulos and
Magistretti, 1996; Gonzalez et al., 2005).

Under cell culture conditions exogenous pyruvate appears
to protect cells via multiple modes of action. Energy sub-
strates that regenerate NAD™ such as pyruvate and oxaloac-
etate, but not lactate or f-hydroxybutyrate, are reported to
attenuate zinc-induced cell death (Sheline et al., 2000; Lee
et al., 2001; Yoo et al., 2004). In vitro studies have shown that
pyruvate may reduce cell damage by acting as an efficient fuel
source (O’Donnell-Tormey et al.,, 1987; Maus et al., 1999;
Mazzio and Soliman, 2003) via its effects as an anti-oxidant or
free radical scavenger (Desagher et al., 1997; Mazzio and
Soliman, 2003) and/or its ability to counteract NAD™ reduc-
tions and/or glycolytic inhibition after injury-induced acti-
vation of PARP (Ying et al., 2003, 2005; Zeng et al., 2007).

In vivo studies in models of hemorrhagic shock have re-
ported that intravenous infusion of solutions containing
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sodium pyruvate (SP) improved multiple cerebral energetic
parameters, prevented hemorrhage-induced reductions in
NAD"' and PARP cleavage, attenuated lipid peroxidation,
and improved survival rates (Mongan et al., 1999, 2001, 2003;
Slovin et al., 2001). The majority of in vivo studies on exoge-
nous SP treatment, however, have been conducted in ro-
dents and administered SP via the intraperitoneal (i.p.) route.
In the initial report on this treatment, a single injection of SP
(500 or 1000mg/kg i.p.) after onset of reperfusion signifi-
cantly decreased mortality, neuronal zinc accumulation, and
neuronal cell death in a rat model of transient global ischemia
(Lee et al.,, 2001). Although a subsequent study found no
benefits of SP treatment after permanent middle cerebral ar-
tery occlusion (Gonzalez-Falcon et al., 2003), significant neu-
rological improvements or neuroprotective effects after one
SP treatment have been reported in rodent models of transient
or permanent ischemia (Yoo et al., 2004; Yi et al., 2007), qui-
nolinic acid-induced injuries (Ryu et al., 2003, 2004), kainic
acid-induced epilepsy (Kim et al., 2007), and hypoglycemia
(Suh et al., 2005).

Unfortunately, prior studies of intraperitoneally adminis-
tered SP have not determined the degree to which this drug is
metabolized peripherally (e.g., due to hepatic metabolism or
LDH conversion of pyruvate to lactate) or the brain levels of
pyruvate that are achieved after SP injection. Therefore, the
first aim of the current experiments was to determine the
levels of circulating fuels as well as the extracellular levels of
glucose, lactate, and pyruvate after a single SP injection in the
rat. We then proceeded to test for neuroprotective effects of SP
treatment after cortical contusion injury (CCI) in rats, deter-
mining both short-term (6h) and long-term (2 week) histo-
logical outcomes in cortical tissue.

Methods
Drug preparation and experimental groups

The SP (P2256, Sigma, St. Louis, MO) was dissolved in
sterile water (500 mg/mL, 4.5 M, pH 7.4) immediately prior to
scheduled injections. Animals received an injection of SP (500
or 1000 mg/kg i.p.) or an injection of an osmolarity-matched
NaCl solution (104.5mg/kg i.p.) at times indicated below.

Fifteen adult male Sprague Dawley rats (350-460 g) were
used to assess the effects of SP treatment (1000 mg/kg) on
circulating levels of glucose, lactate, and pyruvate and on the
extracellular levels, assessed via cerebral microdialysis (MD),
of glucose (MDgy), lactate (MDy, ), and pyruvate (MDpy,).
These animals were randomly assigned to experimental con-
ditions of sham injury with SP treatment (Sham-SP, n=6),
CCI with SP treatment (CCI-SP, n=5), or CCI with saline
treatment (CCI-Sal, n =4).

Thirty-six adult male Sprague Dawley rats (350460 g)
were used to assess the effects of SP treatment (500 or
1000 mg/kg) on CCl-induced cortical damage. Fifteen ran-
domly assigned rats with CCI were used to assess neuronal
damage in the ipsilateral cortex at 6h after saline treatment
(CCI-Sal, n=5), a low dose of SP (CCI-500, n=15), or a high
dose of SP (CCI-1000, n=5). An additional 21 rats were ran-
domized to groups used to assess the volume of cortical ne-
crosis at 2 weeks after unilateral CCI. Three groups received a
single post-injury injection of saline (CCI-Sal, n=5), a low
dose of SP (CCI-500, n=5), or a high dose of SP (CCI-1000,
n=>5). Based on data showing short-lived increases in blood
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FIG. 1. Mean (£SEM) arterial serum concentrations of py-
ruvate (A), lactate (B), and glucose (C) at baseline (Base) and
from 10 to 75min after injection of saline (-Sal) or sodium
pyruvate (-SP, 1000mg/kg) in rats with sham (Sham) or
cortical contusion injury (CCI).

levels of pyruvate after a single injection (Fig. 1), a group with
three injections of high dose SP (CCI-3x1000, n=6) was also
included in the 2 week survival study. All procedures were
approved by the UCLA Chancellor’'s Committee for Animal
Research.
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In vitro microdialysis probe calibration

Two CMA-10 MD probes (2mm fiber length, MWCO =
20kDa, O.D.=0.5 mm; CMA Microdialysis, Stockholm,
Sweden) were used for each animal. These probes were in-
fused with sterile 0.9% saline (2 uL /min flow rate) throughout
all experimental procedures. All probes were calibrated for
in vitro percent recovery (efficiency) prior to and after use in
the animal by collecting a minimum of three 15 min dialysis
samples as the probe was immersed into a solution containing
known concentrations of glucose, lactate, and pyruvate (Ca-
libration A solution, CMA Microdialysis). These in vitro sam-
ples and the Calibration A solution, as well as all MD samples
collected from left and right hemispheres of each rat, were
analyzed (in triplicate) for levels of MDy). (umol/L), MDi,c
(umol/L), and MD,,, (umol/L) using a CMA-600 Analyzer
(CMA Microdialysis). The mean percent recovery for each
substrate in each probe was calculated from the ratio of cali-
bration solution-dialysate concentrations. The dead volume
of the probe outlet lines (4 uL) was also verified for each probe
during the in vitro sampling periods.

Surgery, sampling, and injections
for microdialysis procedures

Animals were anesthetized with isoflurane (3% in 100% O,
[1.5-2.0L/min flow rate] for induction; 1.5-2% for mainte-
nance), and when under a surgical level of anesthesia the
animals received an application of ophthalmic ointment to
both eyes. During all surgical procedures, body temperature
was maintained at 37 +0.7°C using a thermostatically con-
trolled heating pad (Harvard Apparatus, Edenbridge, KY).
The femoral region was shaved and sterilized by repeated (3x)
cleaning with betadine followed by 70% alcohol. A 1.5 cm skin
incision was performed over the femoral triangle and the right
femoral artery was isolated and catheterized with polyethyl-
ene (PE-50) tubing (Becton Dickinson, Franklin Lakes, NJ) for
blood sampling (described below). Bupivacaine (0.05-
0.07mg/kg s.c.) was infiltrated into wound margins, and the
femoral incision was sutured closed around the arterial line.

After shaving and sterilizing the scalp, the anesthetized
animal was placed into a stereotaxic frame, a midline incision
was made over the skull, and the skin, fascia, and temporal
muscles were reflected bilaterally. Bupivacaine (0.05-0.07
mg/kg s.c.) was also infiltrated into this wound margin. A
6mm diameter circular craniotomy was made over the left
parietal cortex, centered at 3 mm posterior and 4 mm lateral to
bregma, and 1 mm diameter burr holes were made over the
left and right parietal cortex (7.0 mm posterior to bregma +
3.5 mm from midline). After covering the craniotomy site with
gel foam and incising the dura mater under each burr hole,
two MD probes, mounted to a micromanipulator on the ste-
reotaxic, were slowly lowered to a depth of 2.2 mm below the
left and right surface of dura. Four 15min dialysis samples
were collected from each probe after insertion to allow for
equilibration and collection of stable baseline measures. Ali-
quots of arterial blood samples were collected into lithium-
heparin coated tubes (Beckman Coulter, Fullerton, CA) at the
start and end of the baseline MD sampling and used to
measure baseline pH and blood gases (pO,, pCO,, and HCO;,
Chiron 238 pH/Blood Gas Analyzer; Ciba Corning Diag-
nostics, East Walpole, MA). After completion of baseline
sampling, the MD probes were retracted from the brain and
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fibers were maintained in sterile saline during procedures to
induce sham injury or CCI.

The CCI was induced using an electronically controlled,
dual-stroke, pneumatic piston cylinder (Hydraulics Control,
Emeryville, CA) that is mounted onto a stereotaxic micro-
manipulator, following previously published protocols (Sut-
ton et al., 1993; Lee et al., 1999; Prins et al., 2004; Taylor et al.,
2008). A 5mm diameter flat-tipped impactor, angled 20-22°
from vertical to be perpendicular to dura at the craniotomy
site, was used to induce CCI to the left parietal cortex (20 psi,
2.37m/s, 2.0 mm tissue compression for 250 ms). These pa-
rameters caused an injury characterized by the disruption/
tearing of dura with mild-to-moderate tissue herniation and
hematoma formation within the craniotomy site. After en-
suring hemostasis, the injury site was again covered with gel
foam. Sham injured controls had the gel foam removed and
replaced in the craniotomy, but did not experience induction
of the CCL

Immediately after completion of sham injury or CCI, both
MD probes were returned to their original locations in the
brain and the animals were then injected with either SP
(1000 mg/kg) orsaline. Beginning at2 minafter this injection (to
account for dead volume in outlet lines), dialysis samples
were collected every 15 min over the ensuing 75 min. Arterial
blood samples were collected at 30 and 75 min to measure
post-injection pH and blood gases. Animals were euthanized
via sodium pentobarbital (100 mg/kg i.p.) following the final
blood and MD sample collection and brains were extracted.
Frozen brains were sectioned coronally (20 um) throughout
the regions of probe placements, mounted on gelatinized
slides, and stained in cresyl violet to enable determination of
the MD probe tracts in left and right hemispheres.

Blood sampling and analyses

In addition to samples used to assess pH and blood gases,
arterial blood samples were collected from all animals im-
mediately prior to injury induction and again at 10, 20, 30, 45,
60, and 75 min post-injection. Plasma glucose (mmol/L) and
lactate (mmol/L) concentrations in each of these samples were
measured using an YSI 2700 Select Biochemistry Analyzer
(Yellow Springs, OH). To assess arterial pyruvate levels, an
aliquot of each baseline and post-injection arterial blood sam-
ple was immediately placed into a microcentrifuge tube con-
taining perchloric acid (4°C), vortexed, centrifuged (3000 rpm
for 30s), and stored overnight at 4°C. The denatured blood
sample was then neutralized (pH 7.4) by the addition of
Trizma base (1.5M) and KOH (10N) and stored at —80°C.
Batch analyses were performed, with each arterial sample
assayed (in triplicate) for pyruvate in a pyruvate assay kit
(BioVision Research Products, Mountain View, CA), follow-
ing manufacturer instructions. The final concentration of py-
ruvate (mmol/L) was obtained after correction of values for
dilution.

Surgery and injections for neuroprotection procedures

CCI was induced to the left parietal cortex as described
above. At 5 min after induction of the CCI the rat was injected
with either a 500 mg/kg or 1000 mg/kg dose of SP, or with
saline. After ensuring hemostasis the scalp incision was su-
tured closed, wound margins were infiltrated with bupiva-
caine (0.1-0.14mg/kg s.c.), and the animal was recovered
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from anesthesia. Following a 30 to 45 min period in a warm
recovery cage, the animals were returned to their home cages.
Animals assigned to the CCI-3x1000 group were adminis-
tered a second and third injection of high-dose (1000 mg/kg)
SP at 65 and 125min after CCI, respectively. Those animals
surviving for 2 weeks post-injury were returned to the animal
vivarium.

Tissue preparation and histological analyses

At either 6 h or 2 weeks after CCI, animals in the histolog-
ical studies were deeply anesthetized with sodium pento-
barbital (100mg/kg ip.) and euthanized by transcardial
perfusion with phosphate buffered saline (PBS; 0.9% saline in
0.1M PB) followed by a paraformaldehyde solution (4%, in
0.1M PB, pH 7.4). Brains were post-fixed in the same para-
formaldehyde solution for 2 h and then placed in a solution of
30% sucrose (in 0.1 M PBS) overnight. Frozen brains were
sectioned coronally (40 um), saving one to three sequential
sections every 400 um, and mounting sections onto gelati-
nized slides. Three sets of coronal tissue sections were saved
for the animals surviving for 6 h post-CCI. These tissue sec-
tions were stained for acid fuchsin (AF) and Fluoro-jade B (F]),
markers for neuronal damage (Auer et al., 1984; Schmued and
Hopkins, 2000), and for cresyl violet to delineate areas with
frank necrosis of tissue. A single set of coronal tissue sections
were saved for rats surviving for 2 weeks, and these sections
were stained for cresyl violet.

Cell counts 6 h after CCl. Microscopic analyses of tissue
from rats surviving for 6h were performed using a Leica
microscope, equipped with brightfield and fluorescent illu-
mination, which was interfaced with a computer using Stereo
Investigator software (version 3.0, MicroBrightField Inc.,
Colchester, VT). After preliminary examinations of cresyl
violet-stained tissue, the cortical tissue lying medial to the
injury site was determined to be relatively intact (injury
“penumbra”) and was thus selected for more systematic an-
alyses. Both FJ- and AF-stained tissue sections at —1.6, —2.4,
—3.2, —4.0, and —4.8 mm from bregma (Paxinos and Watson,
1986) were selected for counting of FJ-positive (epifluo-
rescence at 480nm excitation) or AF-positive (brightfield)
neurons in the left/injured medial cortex. Two-dimensional
contours encompassing all cortical tissue in the left cortical
mantle from 1 to 2 mm left of midline and from cortical surface
to the dorsal aspect of the corpus callosum were placed on
each selected tissue section. Unbiased cell counts were made
for all FJ-positive and AF-positive neurons within the contour
areas by an experimenter blind to drug treatment conditions.
Counts on each tissue section were expressed as number of
cells/ mm?, and counts for all sections were summed for each
animal prior to calculating group averages.

Cortical tissue loss after CCl.  Cresyl violet-stained tissue
sections of the animals surviving for 2 weeks after CCI were
digitally captured and areas of the contralateral and ipsilateral
cortical mantle were measured using the public domain
SCION/NIH Image 1.61 program (National Institutes of
Health, Bethesda, MD). The areas of non-necrotic cortical
tissue in 10 equally spaced sections from AP+ 1.6 and —5.6
(Paxinos and Watson, 1986) were obtained, and the cortical
tissue volume was calculated as previously described (Sutton
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et al., 1993). The percent tissue loss in the left/injured cortical
mantle was calculated using the formula [100 — (ipsilateral/
contralateral) x100)], as previously described (Taylor et al.,
2008).

Statistical analysis

Data for all parameters measured were expressed as group
means + standard error of the mean (SEM). Statistical analy-
ses were conducted using SPSS-15 (SPSS Inc., Chicago, IL)
software. Group data was analyzed using univariate or
multivariate analysis of variance (ANOVA), with repeated
measures when appropriate. Post hoc between groups com-
parisons were performed using the Tukey-Fisher least sig-
nificant difference criterion and a paired t test was used for
within group comparisons. Statistical significance (x) was set
at p <0.05 for all comparisons.

Results
Arterial pH and blood gases

Data for arterial pH and blood gases at baseline (pre-injury)
and at 30 and 75 min after injection of SP or saline are shown
in Table 1. ANOVAs on the pO, and pCO, data revealed no
significant effects of group or time. The ANOVAs on pH
and HCO; data revealed significant between group effects
(p<0.01), significant effects of time (p < 0.001), and signifi-
cant groupxtime interactions (p <0.01). Post hoc analyses
revealed no group differences for pre-injection blood pH or
HCO; levels, and no change in pH or HCO; from baseline to
30 or 75min post-injection in the CCI-Sal group. Both the
Sham-SP and CCI-SP groups had a significant increase in
arterial pH and HCOj; levels from baseline to 30 and 75 min
post-injection (p < 0.05).

Arterial glucose, lactate, and pyruvate

Arterial pyruvate concentrations for the three groups of
animals are shown in Figure 1A. One-way ANOVA revealed
no significant differences in baseline pyruvate concentra-
tions between groups. Repeated measures ANOVA on post-
injection data indicated a significant between group effect
(p<0.001), a significant effect of time (p < 0.001), and a sig-
nificant groupx time interaction (p < 0.001). Post hoc analy-
ses indicated that arterial pyruvate levels were significantly
elevated above CCI-Sal concentrations in the Sham-SP
(p<0.001) and CCI-SP (p <0.005) groups, but the pyruvate
levels for Sham-SP and CCI-SP groups did not differ. The
blood pyruvate levels were significantly increased above
baseline levels through the first 30 min post-injection in the
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Sham-SP group (p <0.01) and through the first 45 min post-
injection in the CCI-SP group (p <0.05). Concentrations of
circulating pyruvate were significantly decreased below
baseline levels at 75 min post-injection in the CCI-SP group
(p<0.05) and at 60 to 75min post-injection in the CCI-Sal
group (p <0.05).

Arterial lactate concentrations for all animals are illustrated
in Figure 1B. A one-way ANOVA indicated no significant
group differences for the baseline concentrations of lactate.
Repeated measures ANOVA indicated a significant between
group effect (p < 0.001), a significant effect of time (p < 0.001),
and a significant group x time interaction (p < 0.001). Post hoc
analyses indicated that both Sham-SP and CCI-SP groups had
significantly (p <0.001) greater arterial lactate levels than
did CCI-Sal animals. The blood lactate levels were signifi-
cantly increased above baseline from 10 through 75 min post-
injection in the Sham-SP group (p < 0.002) as well as in the
CCI-SP group (p<0.003). Post-injection lactate levels for
Sham-SP and CCI-SP groups did not differ, indicating that the
SP treatment was primarily responsible for the increase in
arterial lactate, but a mild contribution of anesthesia or CCI to
increasing lactate was suggested by the finding that lactate
concentrations in the CCI-Sal group were significantly in-
creased above baseline (p < 0.05) at 30, 45, and 75 min.

The baseline and post-injection arterial glucose concentra-
tions for all animals are illustrated in Figure 1C, where it can
be seen that serum glucose levels increased gradually over
time in the CCI-Sal group and the glucose levels increased
more rapidly and to a higher level in the Sham-SP and CCI-SP
groups. One-way ANOVA indicated no significant group
differences in glucose levels prior to induction of injury and
SP or saline injection. Repeated measures ANOVA indicated
no significant between group effect (p =0.109), a significant
effect of time (p <0.001), and a significant group xtime in-
teraction (p < 0.005). Post hoc analyses indicated that the CCI-
SP glucose levels were significantly increased relative to the
CCI-Sal group (p <0.05), but that the glucose levels in the
Sham-SP group were not significantly different from either
the CCI-Sal or the CCI-SP groups. The blood glucose levels
were significantly increased above baseline from 10 through
75min post-injection in the Sham-SP group (p < 0.004), the
CCI-SP group (p < 0.005), and the CCI-Sal group (p < 0.05).

Cerebral microdialysis measures of glucose,
lactate, and pyruvate

The in vitro percent recoveries (efficiency) for glucose in the
MD probes were 13.7£0.9% and 13.24+0.8% prior to and
after in vivo procedures, respectively. Corresponding values

TABLE 1. MEAN (£SEM) ARTERIAL PH AND BLOOD GAsEs IN SHAM OR CoRrTICAL CONTUSION INJURY
GROUPS WITH SODIUM PYRUVATE OR SALINE TREATMENT

Baseline 30 min post-injection 75 min post-injection
Sham-SP CCI-sp CCI-Sal Sham-SP CCI-sp CCI-Sal Sham-SP CCI-sp CCI-Sal
pH 74+0.02 744002 74£001 754001 75£0.02* 744001 75£0.01* 754+0.02* 74+0.01
pO» 549£26  568+16  516+27 557421 556 £21 534+16  546+17 533 £18 521+10
pCO,  48+3 43+2 46+2 45+3 44+2 44+1 46+3 44+2 45+1
HCO; 27.0+038 27.5+0.73 2744019 328+£1.65% 342+0.99* 2724031 351+244* 341+1.15% 27.0+£0.53

*p < 0.05 compared to baseline.
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for lactate were 21.6 + 1.2% (pre) and 21.4 £ 1.3% (post), while
probes had 20.6 +£1.3% (pre) and 21.1 4+ 1.4% (post) recovery
rates for pyruvate. Data for MD,,, were lost for one Sham-SP
rat, due to unacceptable values (>25%) for the coefficient of
variation calculated from mean =+ standard deviation values
on repeat analyses of the dialysis samples, but MDg. and
MD,,. in this subject were retained in the final data analyses.
The pre-injury baseline dialysate concentrations, calculated as
the average of the two 15 min samples immediately preceding
MD probe removals, were 354.1 +21.8 umol/L for glucose,
227.1+£15.2 umol/L for lactate, and 26.9 +2.7 umol /L for py-
ruvate. ANOVAs revealed no significant differences between
groups or hemispheres and no significant group xhemisphere
interactions for the baseline levels (umol/L) of MDgy., MDjy,
or MD,.. All group data for MDg., MDy,., and MD,,, mea-
sures, not corrected for percent recovery, were thereafter ex-
pressed as the percent change (increase or decrease) from
mean baseline values to control for different recovery rates
(range of 10 to 33%) in different probes.

The percent baseline data for MD,, in the ipsilateral (A)
and contralateral (B) cortical samples are illustrated in Figure
2. It can be seen that mean MD,,, levels were at or above
baseline values in both hemispheres, in all groups, and at all
time points after sham injury or CCI. Repeated measures
ANOVA indicated significant main effects for group (p <
0.002), hemisphere (p < 0.002), and time (p < 0.001); significant
effects for the groupxhemisphere (p <0.002), hemispherex
time (p<0.001) and groupxtime (p<0.001) interactions;
and a significant groupxhemispherextime interaction (p <
0.001). In the left/injured cortex (Fig. 2A), there was a signif-
icant effect of group (p<0.002), time (p<0.001), and the
group xtime interaction (p < 0.001). Post hoc tests indicated
that ipsilateral MD,,,, was significantly higher in the CCI-SP
group than in either the Sham-SP (p <0.003) or CCI-Sal
(p<0.001) groups, but the post-injection increases in MDy,y.
seen in the Sham-SP group (Fig. 2A) were not significant
compared to the CCI-Sal levels. The post-injection MDpy,
values in the ipsilateral cortex were significantly increased
above baseline at all sampling time points in the Sham-SP
(p <0.05) and CCI-SP groups (p < 0.05), but did not increase
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above baseline values in the CCI-Sal group. In the contralat-
eral cortex (Fig. 2B) there was a significant effect of group
(p <0.004), time (p <0.001), and the group xtime interaction
(p<0.014), with higher levels of MD,y, occurring in the
Sham-SP (p <0.001) and CCI-SP (p <0.015) groups com-
pared to CCI-Sal animals. The contralateral MDy, levels did
not differ between Sham-SP and CCI-SP treatment groups.
The post-injection MD,,. values in the contralateral cortex
were also significantly increased above baseline at all sam-
pling time points in the Sham-SP (p <0.05) and CCI-SP
groups (p < 0.02), but did not increase above baseline values
in the CCI-Sal group.

The percent baseline data for MDj,. in the ipsilateral (A)
and contralateral (B) cortical samples are illustrated in Figure
3. It can be seen that mean MD,,. levels were above baseline
values in both hemispheres, in all groups, and at all time
points after sham injury or CCI. Repeated measures ANOVA
indicated significant main effects for group (p <0.001),
hemisphere (p <0.002), and time (p <0.001); significant ef-
fects for the group xhemisphere (p < 0.02), hemisphere x time
(p<0.001), and groupxtime (p < 0.001) interactions; and a
significant group xhemispherextime interaction (p < 0.001).
For the left/injured cortex (Fig. 3A), there was a significant
effect of group (p <0.001), time (p <0.001), and the groupx
time interaction (p<0.001). Post hoc tests indicated that
ipsilateral MD),. was significantly higher in the CCI-SP
(p<0.001) and CCI-Sal (p < 0.001) groups than it was in the
Sham-SP animals, but MD,. did not differ between the two
CCI conditions. The post-injection MD,. values in the ipsi-
lateral cortex were significantly increased above baseline at all
sampling time points in the CCI-Sal (p <0.01) and CCI-SP
groups (p <0.005), and were also increased significantly
(p <0.05) above baseline at 45 and 75min in the Sham-SP
group. For MDj,. in the contralateral cortex (Fig. 3B), there
was a significant effect of group (p < 0.003), time (p < 0.001),
and the groupxtime interaction (p <0.001). Post hoc tests
indicated that the cortical MD),. contralateral to injury was
significantly higher in the CCI-SP (p <0.05) and CCI-Sal
(p<0.001) groups than in the Sham-SP animals, and that
MD,,. was significantly lower in the CCI-SP group compared
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FIG.2. Mean (+SEM) extracellular changes in concentrations of pyruvate, expressed as percent of baseline (Base), measured
in microdialysis samples collected every 15 min from the ipsilateral (A) or contralateral (B) cerebral cortex after injection of
saline (-Sal) or sodium pyruvate (-SP, 1000 mg/kg) in rats with sham (Sham) or left cortical contusion injury (CCI).
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FIG. 3. Mean (+SEM) extracellular changes in concentrations of lactate, expressed as percent of baseline (Base), measured in
microdialysis samples collected every 15min from the ipsilateral (A) or contralateral (B) cerebral cortex after injection of
saline (-Sal) or sodium pyruvate (-SP, 1000 mg/kg) in rats with sham (Sham) or left cortical contusion injury (CCI).

to CCI-Sal (p <0.05). The post-injection MDy,. values in the
contralateral cortex were significantly increased above base-
line at all sampling time points in the CCI-Sal group (p < 0.02),
from 30 through 75min sampling epochs in the Sham-SP
group (p <0.05), but only in the first 15min for the CCI-SP
animals (p < 0.05).

The percent baseline data for MDgy. in the ipsilateral (A)
and contralateral (B) cortical samples are illustrated in
Figure 4. Repeated measures ANOVA indicated significant
main effects for group (p < 0.003) and time (p < 0.002), but not
for hemisphere or any of the two- or three-way interactions.
For the left/injured cortex (Fig. 4A), there was a significant
effect of group (p <0.007) and time (p < 0.003), but not for
the group xtime interaction. Post hoc analyses indicated that
ipsilateral MDg. was significantly higher in the Sham-SP
(p<0.003) and CCI-SP (p < 0.007) groups compared to CCI-
Sal, but the overall levels for ipsilateral MDy). did not differ
between the CCI-SP and Sham-SP groups. The post-injection
MDDy values in the ipsilateral cortex were not altered from
baseline in Sham-SP animals. In both of the CCI groups, the
left/injured cortex MDy,. levels were significantly (p < 0.05)
decreased below baseline only at the first 15min sampling
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epoch, while the post-injection levels were significantly in-
creased over baseline levels in the CCI-SP group during the 60
(p<0.05) and 75min (p <0.002) sampling epochs. For the
contralateral cortex (Fig. 4B), there was also a significant effect
of group (p<0.006) and time (p <0.003), but not for the
group xtime interaction. Post hoc analyses indicated that
MDg;. was significantly higher in the contralateral cortex of
the Sham-SP group compared to that in the CCI-Sal animals
(p=0.002) as well as the CCI-SP group (p < 0.05). The overall
levels for contralateral MDyg. in the CCI-SP and CCI-Sal
groups did not differ significantly. Compared to baseline, the
post-injection MDy. levels were not significantly altered at
any time point in the Sham-SP group but were significantly
(p <0.05) decreased below baseline during the first 15 min
sampling period in CCI-SP (p < 0.001) and CCI-Sal (p < 0.05)
groups.

Cortical cell counts at 6 h after CCl

The data for counts of dead/dying neurons in the cortex
ipsilateral and medial to the site of CCI, for both the FJ and AF
staining methods, are illustrated in Figure 5. It can be seen
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FIG. 4. Mean (+SEM) extracellular changes in concentrations of glucose, expressed as percent of baseline (Base), measured
in microdialysis samples collected every 15min from the ipsilateral (A) or contralateral (B) cerebral cortex after injection of
saline (-Sal) or sodium pyruvate (-SP, 1000 mg/kg) in rats with sham (Sham) or left cortical contusion injury (CCI).
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FIG. 5. Mean (+SEM) number of acid fuchsin (AF) or Fluoro-jade B (FJ) positive cells in the cortex ipsilateral and medial to
cortical contusion injury (CCI) at 6h after injection of saline (-Sal) or sodium pyruvate at a dose of 500 mg/kg (-500) or

1000 mg/kg (-1000). *p < 0.05 vs. CCI-Sal.

that, regardless of staining method used, the CCI-Sal rats
surviving for 6 h after injury had greater numbers of dead/
dying cells in the injured cortex than did either the low
(500mg/kg) or high (1000 mg/kg) dose SP groups. One-way
ANOVAs on the AF and FJ cell count data revealed a signif-
icant effect of treatment (p < 0.002), with post hoc tests con-
firming that both the CCI-500 and CCI-1000 groups had
significantly fewer AF-positive (p <0.05) and FJ-positive
(p < 0.05) cells per mm? of cortical tissue than did the CCI-Sal
group. No differences were found between the CCI-500 and
CCI-1000 groups or between the two methods used to stain
damaged neurons.
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One-way ANOVA on the volume of cortical tissue between
AP + 1.6 and —5.6 in the contralateral hemisphere revealed no
significant effects of saline or SP treatment. Therefore, we
proceeded to express the volume of cortical tissue damage in
the left/injured hemisphere as a percentage tissue loss com-
pared to the contralateral cortex. As is shown in Figure 6, rats
in the CCI-Sal, CCI-500, and CCI-1000 groups had nearly
equivalent percent tissue loss in the ipsilateral cortex by
2 weeks post-injury, indicating that there was no enduring
neuroprotection after a single injection of either the low

CClI- Sal
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CCI-1000

CClI-3x1000

Treatment conditions

FIG. 6. Tissue loss in the left/injured cortical mantle, expressed as percentage of tissue volume in the contralateral cortical
mantle (mean + SEM), at 2 weeks after cortical contusion injury (CCI) in rats with a single (5 min post-CClI) injection of saline
(-Sal) or sodium pyruvate at a dose of 500 mg/kg (-500) or 1000 mg/kg (-1000), and rats with three injections (5, 65, and
125 min post-CCI) of the 1000 mg/kg dose of sodium pyruvate (-3x1000). ***p < 0.001 vs. CCI-Sal, CCI-500, or CCI-1000.
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(500 mg/kg) or high (1000 mg/kg) dose of SP. However, those
rats receiving three spaced injections of the high-dose SP
(CCI-3x1000) had significantly reduced tissue loss in the ip-
silateral cortex at the 2 week survival time compared to each
of the single-injection groups (one-way ANOVA group effect
and post hoc comparisons, all p < 0.001).

Discussion

One key finding of the current study is that a single intra-
peritoneal injection of SP can significantly increase arterial
levels of pyruvate, lactate, and glucose in both uninjured and
TBI rats. Furthermore, under conditions of CCI a single SP
treatment increases cerebral extracellular levels of pyruvate,
but not lactate, and attenuates a CCl-induced reduction of
extracellular glucose. Another key finding is that systemically
administered SP can markedly reduce the neuronal cell death
within the cerebral cortex ipsilateral to a moderately severe
CCI. TBI can therefore be added to the growing list of
neurological conditions for which exogenous pyruvate treat-
ment has been shown to reduce brain damage, including
hemorrhagic shock, transient global ischemia, transient or
permanent focal ischemia, kainic or quinolinic acid-induced
excitotoxicity, amyotrophic lateral sclerosis, and hypoglyce-
mia (Mongan et al., 1999, 2001, 2002, 2003; Lee et al., 2001; Ryu
etal.,2003,2004,2006; Yoo et al., 2004; Suh et al., 2005; Yiet al.,
2007; Kim et al., 2007; Park et al., 2007).

Physiological and metabolic effects
of CCl and SP treatment

The current results indicate that a single administration of
SP (1000 mg/kg i.p.) in rats with sham injury or CClI increased
arterial pH at 30 and 75min post-injection, an effect likely
related to the concomitant increase in bicarbonate levels, as
blood gases (pO, and pCO,) were not altered by SP treatment.
Our data also indicate that this dose of SP increases arterial
pyruvate levels for only 30 to 45 min, with concomitant rapid
increases in arterial lactate (from 10 to 75 min post-injection)
and a slow but steady increase in arterial glucose concentra-
tions occurring over a 75 min period after SP injection. These
findings contrast with a report indicating that intraperitone-
ally administered SP did not alter blood pH or plasma glucose
(Gonzalez-Falcon et al., 2003), but are consistent with the
finding that intravenously administered pyruvate increases
arterial pH and serum bicarbonate (Mongan et al., 1999, 2001)
and that elevations in serum pyruvate lead to rapidly in-
creasing lactate concentrations, with more delayed increases
in serum glucose concentrations ( Mongan et al., 1999, 2001;
Slovin et al., 2001; Gonzalez et al., 2005). The increased arterial
lactate levels after SP treatment in sham and CCI conditions
likely reflect peripheral metabolism (circulating LDH activity
or hepatic metabolism), with conversion of injected pyruvate
to lactate. Likewise, the eventual (60-75min) reductions in
arterial pyruvate and increasing arterial lactate levels (by
30min) in CCI-Sal conditions may reflect either anesthetic
effects or an injury-induced increase in peripheral LDH ac-
tivity or hepatic metabolism. For all experimental conditions,
the increase in arterial lactate appears to have led to lactate-
induced hepatic gluconeogenesis. In addition, the gradual and
significant increase in glucose concentration in the CCI-Sal
group suggests that some component of the glucose increase
seen in all groups may be related to prolonged anesthesia. In
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the CCI groups this increase in arterial glucose may be due to
injury-induced alterations in hypothalamic centers regulating
plasma glucose concentrations (Smythe et al., 1984; Dunn-
Meynell et al., 1994; Roe et al., 1998; Grundy et al., 2001) and
peripheral corticosterone release (Gottesfeld et al., 2002;
McCullers et al., 2002). The additive nature of both an SP- and
CCl-induced increase in circulating glucose is reflected by the
fact that arterial glucose levels in CCI-SP rats approximate the
sum of levels seen in Sham-SP and CCI-Sal groups, with post-
injection glucose levels in CCI-SP being significantly elevated
above those after CCI-Sal.

The in vitro percent recoveries (probe efficiency) and the
in vivo basal extracellular levels of MDgi., MDj,e, and MDy,
obtained in the current study were in the range of those pre-
viously reported in rodent studies of experimental TBI (Ka-
wamata et al., 1995; Krishnappa et al., 1999; Bentzer et al.,
2000; Ip et al., 2003; Stover et al.,, 2003; Alves et al., 2005;
Geeraerts et al.,, 2006). As shown in the CCI-Sal controls,
unilateral CCI resulted in a three- to five-fold increase in
MDy,. and an initial ~60% reduction of MDyg. in the ipsilat-
eral peri-contusional cortex as well as in the contralateral
cortex, with MDy,y, levels remaining within baseline range
after injury. These acute effects of CCI on MDgy. and MDy,,,
likely reflective of increased glutamatergic activity with post-
injury anaerobic hyperglycolysis (Alessandri et al., 1996, 1999;
Nilsson et al., 1990), are very similar to those previously re-
ported after CCI in rats (Krishnappa et al., 1999), and are more
substantial than the acute cerebral metabolic alterations re-
ported for rodent models of fluid percussion (Kawamata
et al., 1995; Dhillon et al., 1997) or impact acceleration brain
injury (Geeraerts et al., 2006, 2008).

The microdialysis data in the current study clearly show
that a single intraperitoneal injection of SP is capable of al-
tering the extracellular concentrations of metabolic fuels.
After sham injury the SP treatment did not significantly alter
MDDy levels, but significantly increased MDy,y, by three- to
five-fold above baseline for 60-75 min and increased MDj,. to
a lesser degree (147-158% of baseline) within both the left and
right cortex. These data in sham operates suggest that: (1)
pyruvate may be preferentially transported from blood to the
brain after SP treatment or (2) transported lactate may be
taken up by cells to a greater extent than is pyruvate. The
former alternative seems most plausible, because when both
pyruvate and lactate levels increase in serum they will com-
pete for access to proton-coupled MCT proteins (Oldendorf,
1973). Furthermore, the transport kinetics of MCT1 located
in the vascular endothelium show that transporter affinity for
pyruvate (Km of ~1mM) is approximately three-fold greater
than that for lactate (Pierre and Pellerin, 2005). Rapid trans-
port and utilization of pyruvate in the brain have been pre-
viously reported (Cremer et al., 1982; Hara et al., 1986; Miller
and Oldendorf, 1986; Mongan et al., 1999, 2001). In addition,
13C nuclear magnetic resonance spectrometry has demon-
strated that [3-13]C-pyruvate is equivalent to [1-13]C-glucose
as a TCA substrate and that exogenous pyruvate was pre-
dominantly metabolized in the neuronal compartment
(Gonzalez et al., 2005).

In rats with CCI and SP treatment, the MD,,, levels were
increased to a level comparable with that seen in Sham-SP rats
in the contralateral cortex, but were increased to a far greater
degree (12- to 17-fold above baseline) in the ipsilateral peri-
contusional cortex. It is possible that this large increase in
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ipsilateral MD,,, levels in the CCI-SP group is simply due to a
breach of the blood-brain barrier. However, the MD,,. in-
creases in cortex ipsilateral to CCI did not differ significantly
between the CCI-SP and the CCI-Sal groups, even though the
CCI-SP group had much higher levels of serum lactate. To
attribute these findings to a disrupted blood-brain barrier, the
concentration or diffusion gradients between blood and brain
would need to be altered in a way that would prohibit lactate
flux but would enable pyruvate flux. As discussed above for
sham injury conditions, alternative explanations are that: (1)
diffusion gradients and MCT activity favor influx of pyruvate
over lactate in the CCI-SP treatment condition, or (2) lactate
flux from serum to brain interstitial spaces in the CCI-SP
condition was matched by cerebral metabolic rates for lactate
such that MD,,. levels did not differ between CCI-SP and CCI-
Sal treatments. Since MCT1 transporters facilitate both influx
as well as efflux of monocarboxylates at the blood-brain bar-
rier, the current results could also reflect an increased influx of
pyruvate combined with an increased transporter-mediated
efflux of lactate from the brain after TBI. Each of the above
interpretations can also be supported by data in the contra-
lateral cortex, where levels of MD,,. increased 356-424%
while those of MDy, increased only 230-240% above baseline
in the CCI-SP group.

The SP treatment-induced reduction of CCI-induced MD,,,.
increases in the contralateral cortex and bilateral attenuation
of CCl-induced decreases in MDyy. indicates there was a
pyruvate-induced reduction of contralateral hyperglycolysis
and a bilateral “glucose sparing” effect in the CCI-SP group.
This latter effect could be due to metabolic utilization of py-
ruvate, lactate, or both, in order to meet increased energy
demands after CCI (discussed below). The higher levels of
MDDy in the SP treatment group after CCI could also reflect
increased flux of serum glucose, since the arterial glucose
levels were significantly higher in CCI-SP vs. CCI-Sal treat-
ment conditions. This latter explanation may be unlikely in
the face of injury-induced cerebral hyperglycolysis (demand
exceeding supply), when glucose transport can be markedly
decreased or repressed (Pardridge, 1983). However, reduc-
tions of serum glucose with insulin treatment can significantly
reduce MDy,. in TBI patients as well as increase the micro-
dialysis lactate — pyruvate ratio and glutamate levels (Vespa
et al., 2006). Thus, the overall pattern of changes seen in cir-
culating fuels as well as in the levels of MDgj, MD,., and
MD,,, after SP treatment appears to favorable alter the post-
TBI metabolic environment.

As proposed by Pellerin and Magistretti, during periods of
increased cerebral activation the astrocyte-neuronal lactate
shuttle (ANLS) will be operative in normal brain tissue to
enable uptake and glycolytic processing of glucose by astro-
glial cells and the lactate produced can be transferred to
neurons to support their metabolic requirements (Pellerin and
Magistretti, 1994; Pellerin et al., 2007). To the extent that MCT
transporter kinetics, simple diffusion, and the ANLS can
support glial-derived lactate use in neurons (Oldendorf, 1973;
Dienel and Cruz, 2004; Simpson et al., 2007), there is ample
support for the cerebral uptake and use of lactate to support
neuronal energy production and viability in conditions of
normal brain activation (Schurr, 2006). As is illustrated in the
current study, during the acute phase of cerebral metabolic
hyperglycolysis after TBI, there is a massive increase in the
extracellular concentrations of lactate, which may reflect an
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increase in the ANLS, but also reflects a rate of lactate pro-
duction that is either much higher than necessary to support
neuronal energy metabolism or an inability of neurons to
utilize this energy source. Since lactate metabolism for pro-
duction of energy requires NAD™ (for the LDH reaction,
converting lactate to pyruvate), it seems most likely that a
substantial proportion of the lactate accumulating after TBI is
not being used as a neuronal energy source due to a TBI-
induced activation of PARP and a reduction in cytosolicNAD*
(Laplaca et al., 2001; Satchell et al., 2003; Besson et al., 2003;
Clark et al., 2007). However, due to the abilities of pyruvate to
replenish cytosolic NAD" and stimulate the pyruvate dehy-
drogenase complex (PDH) (Mongan et al., 2003; Sharma et al.,
2003) it seems feasible that an increase in pyruvate after SP
treatment, or after exogenous lactate treatment (LaManna
et al., 1993), could also facilitate or enable neuronal use of
lactate in the post-TBI microenvironment.

Histologic effects of SP treatment after CCI

The present results demonstrate that a single intraperito-
neal administration of SP at 500-1000 mg/kg given within
5min after a moderately severe CCI significantly reduced the
number of damaged neurons within the ipsilateral cerebral
cortex at 6 h post-CCI. This neuroprotection was equally ap-
parent in AF-stained tissue and in the more recently devel-
oped FJ marker for neuronal degeneration; results with both
methods revealed only slightly improved neuroprotection
with the 1000 mg/kg compared to the 500 mg/kg dose. In the
SP-treated rats surviving for 2 weeks after CClI, there was no
enduring neuroprotection with a single injection of either a
500 or 1000 mg/kg dose, based on percent tissue loss in the
injured cortex. When three injections of the 1000 mg/kg dose
of SP were administered, however, the cortical tissue loss in-
duced by moderate CCI was significantly reduced at the
2 week time point. These findings are generally compatible
with neuroprotection reported for these doses of SP after
transient forebrain ischemia (Lee et al., 2001) and excitotoxic
lesions (Ryu et al., 2003, 2004) at 3 or 7 days, respectively,
where similar degrees of neuroprotection for SP at either 500
or 1000 mg/kg occurred regardless of whether treatment was
initiated immediately or at 1h post-injury.

In contrast to the transient cortical protection seen after a
single injection in CCI rats, a 500 mg/kg SP injection 30 min
after reperfusion was reported to provide near complete
neuroprotection in hippocampus at 3, 15, or 30 days after
transient global ischemia (Lee et al., 2001). Subsequent to
initiation of the current study, this same group reported that
doses of SP between 62.5 and 250 mg/kg reduced infarct
volume 24h after either transient or permanent focal ische-
mia, when administered 30 min post-injury and regardless of
whether SP was given intravenously or intraperitoneally. In
addition, they showed that SP (125 mg/kg i.p.) given 30 min
after permanent focal cerebral ischemia significantly reduced
infarct volume at 14 days post-injury (Yi et al., 2007). How-
ever, the inability of a single SP injection to provide enduring
neuroprotection after CCI is compatible with the reported
failures of SP (500 or 1000 mg/kg) to reduce infarct volume
after transient or permanent focal ischemia (Yi etal., 2007) and
for single doses of SP (250, 500, or 1000 mg/kg) to reduce
cortical infarct volume when studied 24h after permanent
ischemia (Gonzalez-Falcon et al., 2003). These latter authors
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also failed to find any benefits of repeated injections (at 0.5, 6,
13, and 18h) of the 500 or 1000 mg/kg doses of SP, which
contrasts with our finding of reduced cortical contusion vol-
ume if repeated injections of 1000 mg/kg were administered
after CCI. These failures of single or multiple SP treatments to
reduce cerebral damage in stroke may be due to inability to
supply infarcted areas with pyruvate.

Using magnetic resonance spectroscopy, an SP dose
(250 mg/kg) found to reduce infarct volume was also shown
to significantly lower the lactate-creatine ratio in ischemic
brain regions, while this ratio remained at saline control levels
after an ineffective SP dose (1000 mg/kg). This finding led the
authors to suggest that the loss of protection seen with higher
doses of pyruvate may be related to increased lactate pro-
duction (Yi et al., 2007). This hypothesis seems unlikely in the
case of TBI, as our microdialysis data indicate that MD,. in
cortex ipsilateral to CCI was similar in saline- and SP-treated
groups and the high dose of SP (1000 mg/kg) also reduced
MD,,. within the cerebral cortex contralateral to CCI.

Our rationale for giving three injections, spaced at 1h in-
tervals, in the current study was based on our data showing
only brief elevations of circulating pyruvate after a single SP
treatment and our prior study showing that CCI induced an
increase in metabolic demands and a reduction in ATP that
persisted for at least 2h post-injury (Lee et al., 1999). The
success of this repeated treatment protocol after CCI leads us
to suggest that supplemental fuel(s) must be available to the
injured brain throughout the period(s) of increased neuronal
activity and metabolic demands in order to protect neurons
from energy crisis leading to cell death. Residual cortical ne-
crosis apparent at 2 weeks in our rats with multiple SP
treatments, and the larger volumes of injury seen after a single
injection, may be due to insufficient duration of exogenous
fuel delivery, or delivery may have been reduced or impaired
at later times due to CCI-induced reductions in cerebral blood
flow (Cherian et al., 1994; Sutton et al., 1994; Kochanek et al.,
1995). We did not assess arterial or cerebral concentrations of
fuels in these CCl rats with three SP treatments. Future studies
will be needed to determine these factors and the optimal
number, dosage level, and spacing intervals for multiple
treatments.

Monocarboxylate use and effects after brain injury

The metabolic results of the current study clearly show that
administration of SP constitutes not only a “pyruvate supple-
mentation study” but also a “lactate supplementation study”
and, with lactate-induced gluconeogenesis, a potential “glu-
cose supplementation study.” While the SP treatment effect of
increasing circulating supplies of all three metabolic sub-
strates may represent an optimal scenario for an injured brain
in need of additional fuel, the interconversion of these meta-
bolic substrates also prohibit firm conclusions regarding the
particular substrate used by injury-compromised cells in or-
der to support neuronal survival. This limitation applies not
only to the current study demonstrating an SP treatment-
induced reduction in cortical neuronal injury after experi-
mental TBI but to the most, if not all, of the prior studies of SP
treatment efficacy after other acquired neurological injuries in
which circulating fuel concentrations have not been assessed.
Since serum pyruvate levels will also increase after lactate
infusion (LaManna et al., 1993), this limitation applies as well
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to those studies reporting neurological benefits in TBI models
after lactate administration where pyruvate, and frequently
glucose, levels have not been assessed (Chen et al., 2000a; Rice
et al., 2002; Levasseur et al., 2006; Holloway et al., 2007). Fu-
ture work on supplemental monocarboxylate administration
after brain injury will no doubt benefit by including measures
of the administered substrate on serum and extracellular
levels and/or the metabolic rates of pyruvate, lactate, and
glucose as well as by directly comparing effects of separate
administration of each of these substrates in the injury model
of interest. Empirical manipulations of proportional levels of
each substrate may eventually reveal the relative benefits or
contributions of the individual fuels on neuroprotection after
brain injury.

Despite the preceding limitations, inferences regarding the
potential mechanisms underlying SP-induced neuroprotec-
tion observed after TBI can be made based on prior research. It
is most likely that some benefits of exogenous pyruvate
treatment after brain injury are not simply due to mono-
carboxylate metabolism and are not lactate-mediated effects
(Ryu et al., 2004). SP treatment-induced reductions in cell
death may be related to effects on TBI-induced increases in
zine, activation of the DNA repair enzyme PARP, and the
latter’s consumption and depletion of NAD™" (Laplaca et al.,
1999; Suh et al., 2000, 2006; Besson et al., 2003; Satchell et al.,
2003; Hellmich et al., 2004, 2007; Clark et al., 2007). Multiple
in vitro studies have demonstrated that exogenous pyruvate
can directly chelate zinc or attenuate zinc- or H202-induced
activation of PARP and the reductions in cytosolic NAD™ and
ATP production, and pyruvate can block or attenuate in-
duction of pro-apoptotic pathways in neuronal, glial, or en-
dothelial cells ( Sheline et al., 2000; Lee et al., 2001, 2003, 2004;
Ying et al., 2002, 2005; Chen and Liao, 2003; Yoo et al., 2004;
Zeng et al., 2007). The ability of SP treatment to block or
greatly attenuate the accumulation of zinc in neurons is one
primary mechanism by which exogenous pyruvate provides
neuroprotection after transient forebrain ischemia (Lee et al.,
2001), retinal ischemia (Yoo et al., 2004), and epileptic seizures
(Kim et al., 2007).

Exogenous pyruvate administration has been shown to
prevent reductions of NAD" and ATP and the cleavage of
PARP in brain tissue after hemorrhagic shock (Mongan et al.,
2001, 2003). The ability of pyruvate to replenish NAD* and
reduce PARP activation indicates that this treatment option
may be preferable to provision of PARP inhibitors after TBI
(Laplaca et al., 2001; Satchell et al., 2003; Besson et al., 2003,
2005; Clark et al., 2007), since the latter treatment would also
impair the beneficial actions of PARP for repair of DNA
strand breaks. The preceding actions of exogenous pyruvate
on NAD" repletion are congruent with mechanisms thought
to underlie the benefits of nicotinamide (vitamin B3) in models
of experimental TBI (Hoane et al., 2003, 2006a, 2006b; Holland
et al., 2008), although additional actions of pyruvate are likely
since nicotinamide did not reduce infarct volume in a model
of permanent focal ischemia where SP treatment reduced both
infarct volume and NAD" reductions in the ischemic tissue
(Yi et al., 2007).

In addition to the preceding factors, SP treatment-induced
reductions in cell death may be related to effects on TBI-
induced oxidative and nitrosative stress (Hall et al., 1993,
2004; Marklund et al., 2001; Tavazzi et al., 2005), which can
alter activity of multiple enzymes crucial for glycolysis and
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respiratory oxidation, including GAPDH and PDH (Tabata-
baie et al., 1996, Humphries and Szweda, 1998; Ralser et al.,
2007). An inhibition of PDH after TBI (Kochanek et al., 2006;
Opii et al., 2007) will reduce oxidative decarboxylation and
entry of pyruvate into the TCA cycle, with concomitant de-
creases in reducing equivalents needed for NADH produc-
tion, oxidative phosphorylation, and production of ATP
(Mallet and Sun, 1999; Mongan et al., 2001). SP treatment-
induced elevations of pyruvate may ameliorate these factors
due to the ability of pyruvate to stimulate PDH activity and its
own oxidation (Sharma et al., 2003). A TBI-induced increase in
pyruvate carboxylase mediated anaplerosis (Bartnik et al.,
2007a) would, in the presence of increased pyruvate lev-
els, also contribute to an increase in mitochondrial NADH. A
relative decrease in cytosolic NADH and associated increase
in the H" gradient across the mitochondrial membrane, re-
flected in the reduced extracellular lactate-pyruvate ratio after
SP treatment, would facilitate oxidative phosphorylation.
Utilization of exogenously provided pyruvate in the TCA
cycle could also facilitate, or reduce the bioenergetic conse-
quences of, GAPDH inhibition and shunting of glucose to the
pentose phosphate pathway where glucose can be utilized to
regenerate reducing equivalents (NADPH) needed to re-
plenish glutathione, and hence glutathione peroxidase to aid
in antioxidant defense (Bartnik et al., 2005, 2007b; Dusick
et al., 2007; Ralser et al., 2007).

These likely metabolic and antioxidant properties of SP
treatment after TBI are consistent with prior in vitro studies on
pyruvate actions (O’Donnell-Tormey et al., 1987; Desagher
et al., 1997; Kashiwagi et al., 1997; Maus et al., 1999; Mazzio
and Soliman, 2003; Chung et al., 2004; Wang et al., 2007) and
in vivo studies where SP treatment reduced markers of oxi-
dative stress after quinolinic acid (iNOS, peroxynitrite, and
lipid peroxidation) (Ryu et al., 2004) or increased extracellular
pyruvate while decreasing glutamate, improving brain redox
state and ATP, creatine and phosphocreatine levels, and re-
ducing lipid peroxidation and PDH inhibition in models of
hemorrhagic shock (Mongan et al., 1999, 2001, 2003). Several
of these benefits conferred by pyruvate supplementation that
are not seen for lactate are probably due to the now well
recognized ability of pyruvic acid and esters of pyruvate to act
as anti-oxidant as well as anti-inflammatory agents (Das,
2006; Fink, 2007).

Conclusion

In conclusion, the neuroprotective effects observed after SP
treatment in the current study are likely due to multiple and
interrelated effects including the ability of pyruvate to be
utilized as a neuronal energy substrate, to serve as an anti-
oxidant, to reduce zinc accumulation or PARP activation, and
to replenish cytosolic NAD™. Via the latter actions exogenous
pyruvate could facilitate PARP-mediated DNA repair, enable
the use of glucose in pathways that increase antioxidant ca-
pacity, and enable conversion of lactate to pyruvate for energy
production. Redox state alterations after exogenous pyruvate
administration may also impact signaling pathways to down-
regulate cell death pathways and up-regulate cell survival
pathways (Lee et al., 2003, 2004; Sharma et al., 2003). Further
research will be needed to determine which of these mecha-
nisms prevail for SP-induced neuroprotection after TBI, as
well as to determine the optimal dosage, treatment window,
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and duration required for pyruvate supplementation to re-
duce cell damage and improve functional outcomes after TBI.
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