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Glucose administration after traumatic brain injury improves
cerebral metabolism and reduces secondary neuronal injury

Nobuhiro Moro2P:1, Sima Ghavim&P, Neil G. HarrisP, David A. Hovda2P.¢, and Richard L.
Suttona&b”

aUCLA Brain Injury Research Center, David Geffen School of Medicine at UCLA, Los Angeles,
CA, USA 90095-7039

bDepartment of Neurosurgery, David Geffen School of Medicine at UCLA, Los Angeles, CA, USA
90095-7039

¢Department of Molecular and Medical Pharmacology, David Geffen School of Medicine at UCLA,
Los Angeles, CA, USA 90095-7039

Abstract

Clinical studies have indicated an association between acute hyperglycemia and poor outcomes in
patients with traumatic brain injury (TBI), although optimal blood glucose levels needed to
maximize outcomes for these patients’ remains under investigation. Previous results from
experimental animal models suggest that post-TBI hyperglycemia may be harmful, neutral, or
beneficial. The current studies determined the effects of single or multiple episodes of acute
hyperglycemia on cerebral glucose metabolism and neuronal injury in a rodent model of unilateral
controlled cortical impact (CCI) injury. In Experiment 1, a single episode of hyperglycemia (50%
glucose at 2 g/kg, i.p.) initiated immediately after CCI was found to significantly attenuate a TBI-
induced depression of glucose metabolism in cerebral cortex (4 of 6 regions) and subcortical
regions (2 of 7) as well as to significantly reduce the number of dead/dying neurons in cortex and
hippocampus at 24 h post-CCI. Experiment 2 examined effects of more prolonged and intermittent
hyperglycemia induced by glucose administrations (2 g/kg, i.p.) at 0, 1, 3 and 6 h post-CClI. The
latter study also found significantly improved cerebral metabolism (in 3 of 6 cortical and 3 of 7
subcortical regions) and significant neuroprotection in cortex and hippocampus 1 day after CCl
and glucose administration. These results indicate that acute episodes of post-TBI hyperglycemia
can be beneficial and are consistent with other recent studies showing benefits of providing
exogenous energy substrates during periods of increased cerebral metabolic demand.
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1. Introduction

The primary energy source for brain cells is glucose, which after transport from the blood
into the brain is metabolized intracellularly through glycolysis to pyruvate, which enters the
mitochondrial tricarboxylic acid cycle for production of ATP via oxidative phosphorylation.
During periods of increased activation the brain increases production of ATP via glycolysis,
increasing lactate production and exhibiting an increase in the cerebral metabolic rates of
glucose (CMRGlIc) compared to oxygen (CMRO?2) (Fox et al., 1988). Non-oxidized glucose
may also be consumed in the pentose phosphate pathway for generation of NADPH needed
to replenish glutathione and dampen oxidative stress, used for synthesis of neurotransmitters
and structural components of cells, or be converted to lactate. Brain neurotransmitter and
energy (ATP) production during periods of high activity are posited to involve close
cooperation between neurons and glia, via the astrocyte neuron lactate shuttle (ANLS;
Magistretti and Pellerin, 1999; Pellerin et al., 2007; Hyder et al., 2006). Glucose
consumption in neurons is thought to be relatively small and oxidative in nature, whereas
astrocytes consume relatively larger proportions of glucose which is metabolized via
glycolysis to support ionic homeostasis and conversion of glutamate to glutamine. Lactate
produced by astrocytes may be taken up by neurons for use as fuel, with some excess lactate
entering the circulation to impact cerebral blood flow (Lin et al., 2010).

Traumatic brain injury (TBI) is well known to induce an early stage of increased energy
demand, reflected in elevated CMRGlIc and anaerobic glycolysis, which is followed by a
prolonged period of reduced CMRGIc (Bergsneider et al., 1997, 2000; Lee et al., 1999;
Sutton et al., 1994; Yoshino et al., 1991). Shunting of glucose to the pentose-phosphate
pathway is also increased after TBI (Bartnik et al., 2005, 2007; Dusick et al., 2007). Low
levels of extracellular glucose during this period of increased energy demand have been
frequently noted in experimental models of TBI (Chen et al., 2000; Fukushima et al., 2009;
Krishnappa et al., 1999), and the low levels of extracelluar glucose frequently detected
acutely in TBI patients (Alessandri et al., 2000; Alves et al., 2005) are correlated with poor
neurological outcomes at 6 months (Vespa et al., 2003). Evidence that the injured brain
attempts to increase fuel availability is provided by studies showing increased glucose or
monocarboxylate transporters after TBI (Cornford et al., 1996; Hamlin et al., 2001; Prins
and Giza, 2006). Thus, endogenous levels of metabolic fuels may not be sufficient to meet
increased demands in injured brain and supplemental fuel may be needed to match the
increase in cerebral metabolic demands and avoid energy crisis after TBI. This hypothesis is
supported by studies showing that early provision of metabolic fuels including lactate,
pyruvate or ketone bodies can improve outcomes after experimental TBI (Alessandri et al.,
2012; Chen et al 2000; Deng Bryant et al., 2011; Fukushima et al., 2009; Holloway et al.,
2007; Moro and Sutton, 2010; Prins and Hovda, 2009; Rice et al., 2002).

Administration of glucose after TBI is controversial, in part due to concerns that post-
traumatic hyperglycemia is associated with worse outcomes in head-injured patients
(Griesdale et al., 2009; Jeremitsky et al., 2005; Lam et al., 1991; Liu-DeRyke et al., 2009;
Rovlias and Kotsou, 2000; Young et al., 1989). However, large volume infusions of
glucose-containing solutions in rats after experimental TBI was not detrimental unless the
solutions were hypo-osmolar, and infusion of hyperosmolar glucose solutions were found to
reduce cerebral edema (Shapira et al., 1992; Shapira et al., 1995; Feldman et al., 1995;
Gurevich et al., 1997; Talmor et al., 1998). In a fluid percussion injury (FPI) model of
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experimental TBI, pre-injury glucose treatment in rats did not affect cerebral measures of
pH, ATP, free Mg** or the cytosolic phosphorylation potential, nor did the glucose
treatment affect neurological outcome at 1 or 2 weeks post-injury (Vink et al., 1997). Early
(5 min), but not delayed (4 or 24 h) glucose treatment after FPI in rats had minimal effects
on cortical injury volume, but increased neutrophil infiltration in cerebral cortex at 3 days
post-injury (Kinoshita et al., 2002). Studies using the controlled cortical impact (CCI) model
of relatively mild TBI in rats have demonstrated that either pre- or post-injury glucose
treatment can increase cortical and hippocampal damage induced by post-traumatic
secondary ischemia (Cherian et al., 1997, 1998b). In a more severe CCI model of TBI,
glucose treatment prior to injury increased histological damage and worsened behavioral
outcome in rats (Cherian et al., 1998a). More recently it was reported that induction of
hyperglycemia prior to moderate CCI injury in mice did not adversely affect cerebral edema,
behavioral outcomes or histopathology, whereas chronic hyperglycemia in rats actually
reduced CCl-induced cerebral edema and a post-injury insulin therapy to lower high blood
glucose increased cerebral edema (Hill et al., 2010). To date, there is no evidence that post-
CCl elevations in plasma glucose will exacerbate histopathology or worsen outcomes
(Cherian et al., 1998a; Stover et al., 2002).

Given the evidence that provision of metabolic fuels early post-injury improves outcome
after experimental TBI (see above), the current studies in rats with moderate CCI injury
were undertaken to determine the effects of acute administration of glucose (2 g/kg, i.p.) on
CMRGlc and neuronal viability 24 h post-injury. Experiment 1 was conducted to evaluate
effects of a single injection of glucose given immediately following injury, to test the
hypothesis that acute provision of supplemental glucose could meet acute TBI-induced
energy demands and attenuate neural injury. Experiment 2 determined the effects of multiple
glucose injections given at 0, 1, 3 and 6 h after CClI injury. The latter study used the multiple
injection protocol for more prolonged glucose supplementation due to evidence that CCl-
induced energy demands endure at least 2 h after injury (Lee et al., 1999) and neuronal
hyperexcitability, seizure-like activity or cortical depolarization may occur after TBI and
produce a deficiency in cerebral extracellular glucose or prolong the metabolic crisis (Alves
et al., 2005; Griesemer and Mautes, 2007; Parkin et al., 2005; Vespa et al., 2007). It was
hypothesized that any potential adverse effects of post-CClI glucose treatment would be most
evident in this multiple glucose treatment condition.

2.1. Experiment 1: Single saline (SAL) or glucose (GLC) treatment

2.1.1. Physiological data on day of injury—Data for venous blood glucose
concentrations measured immediately after induction of anesthesia/loss of pedal reflex (Pre-
injury) and at 10 and 60 min after a single treatment with saline (SAL) or glucose (GLC) are
shown in Table 1. Only animals with successful collection and analysis of all three venous
samples were included in the analyses. Repeated measures ANOVA indicated significant
effects of Drug (p=0.001), Time (p<0.001) and the Drug x Time interaction (p=0.002).
Plasma glucose levels within groups increased from pre-injury to 10 min after the first
injection (p<0.001) and declined significantly from 10 to 60 min post-injection (p< 0.001),
although levels at 60 min remained significantly elevated compared to pre-injury levels
(p<0.05). All groups showed increased glucose concentrations 10 min post-injection
compared to pre injury (p’s < 0.05), presumably due to anesthesia and surgery procedures.
Both Sham-GLC and CCI-GLC groups had increased blood glucose concentrations 10 min
after injection compared to SAL treated counterparts (p < 0.01). The glucose concentrations
in the 4 treatment groups did not differ by 60 min after injection of SAL or GLC.

Brain Res. Author manuscript; available in PMC 2014 October 16.
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2.1.2. Physiological data one day after injury—As shown in the data of Table 2, both
CCI groups had significant loss in body weight one day after injury compared to Sham
controls (p’s < 0.01), but there was no effect of SAL versus GLC treatment. Data for arterial
blood gasses and plasma concentrations of glucose and lactate shown in Table 2 reveal that
these physiological measures were all in normal ranges prior to [14C]2-deoxy-D-glucose
(14C-2DG) injections at 24 h post-injury, and there were no significant differences between
the 4 treatment groups.

2.1.3. Cerebral metabolic rates for glucose—As indicated in the Methods, when the
same shipment/lot number of 14C-2DG was used for injection in the first 31 rats in
Experiment 1 (Sham-SAL, n=8; Sham-GLC, n=8; CCI-SAL, n=8; CCI-GLC, n=7) we found
the same pattern of injury and treatment effects when using either the ipsilateral CMRGlc
(wmol/100 g/min) or the CMRGIc asymmetry scores [(left - right/left + right) x 100]. Thus,
we analyzed the CMRGlIc asymmetry scores for all rats entered into this experiment (Sham-
SAL, n=10; Sham-GLC, n=9; CCI-SAL, n=9; CCI-GLC, n=9). As shown in Fig. 1,
CMRGlIc asymmetries of Sham-SAL and Sham-GLC groups were near zero and did not
differ from one another in any brain region 24 h post-surgery. The reductions in ipsilateral
CMRGiIc at 24 h after left hemisphere CCI injury led to significantly negative asymmetry
values in all brain regions relative to Sham controls (p’s < 0.001). The magnitude of
metabolic depression was smaller in CCI-GLC compared to CCI-SAL in all brain regions,
and improved (i.e., less negative) CMRGIc asymmetry scores by GLC treatment after CCl
was significant for the midline peri-contusional (p < 0.001), parietal (p < 0.05), auditory (p <
0.01) and occipital cortex (p < 0.01), as well as for the dentate gyrus (p < 0.05) and the
dorsal lateral geniculate (p < 0.001).

2.1.4. Neuronal injury in cortex and hippocampus—In the Sham injury control
groups no Fluoro-Jade B-positive (FIB+) cells were detected in either the left neocortex or
left hippocampus. Numerous FJB+ neurons were observed in cortex (Fig. 2-A,B) and in the
hilus (Fig. 2-C,D) and CA3 (Fig. 2-E,F) regions of the hippocampus ipsilateral to CClI, and
were more numerous in the CCI-SAL (Fig. 2-A,C,E) than in the CCI-GLC animals (Fig. 2-
B,D,F). Cell density counts for FIB+ cells in these regions 24 h after CCl and a single
injection of SAL or GLC (n=8/group) are shown in Fig. 3. As illustrated, FJB+ neurons in
the peri contusional cortex were significantly reduced in the CCI-GLC compared to the CCI-
SAL group (p = 0.05), as were counts of dead/dying neurons within the ipsilateral hilus (p <
0.005) and CA3 subsector (p < 0.005) of the hippocampus.

2.2. Experiment 2: Multiple saline (SAL) or glucose (GLC) treatments

2.2.1. Physiological data on day of injury—~For these groups injected at 0, 1, 3 and 6
h post-surgery, blood glucose levels were assayed prior to and 10 min after the 3 h injection.
As for Experiment 1, only those animals with successful collection and analysis of both
venous samples were included in the analyses of blood glucose levels. Repeated measures
ANOVA indicated significant effects of Drug (p<0.001), Time (p<0.001) and the Drug x
Time interaction (p<0.001). At 3 h post-injury (i.e., 2 h after the second injection) the
venous glucose levels ranged from 8.6 £ 0.4 to 9.4 + 1.2 mmol/L, and the levels did not
differ between the 4 treatment groups. The blood glucose concentrations 10 min after the 3 h
injection did not differ for Sham-SAL (10.7 £ 1.2 mmol/L, n=4) and CCI SAL (11.0£0.8
mmol/L, n=8) controls. As expected, the blood glucose levels were significantly (p’s
<0.001) increased above these control values in the Sham-GLC (19.0 + 1.5 mmol/L, n=8)
and CCI GLC groups (17.0 £ 0.5 mmol/L, n=6) by 10 min after the 3 h injection.

2.2.2. Physiological data one day after injury—As shown in the data of Table 3,
Sham operates receiving four injections of SAL or GLC lost an average of 5 to 6 g body
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weight within 24 h after surgery, an effect not seen with the single injection (see Table 2).
Both CCI groups had almost double the loss in body weight compared to Sham injury
controls one day after injury (p’s < 0.05), but there was no effect of SAL or GLC treatment
within Sham or CCI injury groups. Data for arterial blood gasses shown in Table 3 reveal
that these physiological measures were all in normal ranges prior to the 24 h post-

injury 14C-2DG injection, with no differences between groups. Baseline plasma
concentrations of glucose were higher in the Sham-SAL group, but not the Sham-GLC
group, compared to levels in the CCI-SAL and CCI-GLC groups (p’s < 0.05), but there were
no significant differences in plasma lactate concentration between the 4 treatment groups.

2.2.3. Cerebral metabolic rates for glucose—Because the CMRGIc data for rats in
Experiment 2 were derived after injection of 14C-2DG from three shipments which varied in
specific activity (see Methods), we calculated CMRGIc asymmetry scores [(left - right/left +
right) x 100] for analyses of metabolic data for this experiment (n=10/group). As shown in
Fig. 4, CMRGIc asymmetries of Sham-SAL and Sham-GLC controls were near zero and did
not differ between groups in any brain region. Reductions in CMRGIc ipsilateral to CCI
produced significantly negative asymmetry values in all brain regions relative to Sham
controls by 24 h post-injury (p < 0.001). The magnitude of metabolic depression was smaller
in CCI-GLC compared to CCI-SAL in all brain regions with exception of the dentate gyrus
of the hippocampus. This improved CMRGIc (i.e. less negative asymmetry scores) by GLC
treatment after CCI was significant for the parietal (p < 0.05), auditory (p < 0.01) and
temporal cortex (p < 0.01), as well as for the caudate nucleus (p < 0.01), ventral thalamus (p
< 0.05) and the dorsal lateral geniculate (p < 0.01).

2.2.4. Neuronal injury in cortex and hippocampus—No FJB+ cells were detected in
the left midline neocortex or in the left hippocampus of rats in the Sham-SAL or Sham-GLC
groups. As is shown in Fig. 5, FIB+ cells in the midline peri-contusional cortex 24 h after
CCl and injections at 0, 1, 3 and 6 h were significantly reduced in the CCI-GLC compared
to the CCI-SAL group (p < 0.05). Dead/dying neurons were also significantly reduced in the
CCI-GLC compared to the CCI-SAL group in the hilus (p = 0.014) and CA3 subsector (p <
0.005) of the hippocampus ipsilateral to injury.

Comparison of FIB+ cells between Experiment 1 and Experiment 2 indicated there were
significant effect of GLC versus SAL (p’s 0.005) in cortex, CA3 and hilus. There were no
significant effects for number of injections or for the Drug x Injection interaction, indicating
similar degree of neuroprotection in each brain region after a single (Fig. 3) or multiple (Fig.
5) GLC treatments.

3. Discussion

The current results indicate that a single injection of exogenous glucose (2 g/kg, i.p.)
immediately after CCI injury increased blood glucose levels from 8.5 mmol/L to 19.5 mmol/
L within 10 min post-injection, with the blood glucose levels decreasing to 10.1 mmol/L at
60 min post-injection. This administration of exogenous glucose significantly attenuated
TBI-induced reductions in cerebral glucose utilization in 4 of 6 cortical regions and in 2 of 7
subcortical regions and also significantly decreased numbers of FIJB+ neurons in cortex and
hippocampus at 24 h post-injury. When multiple injections of glucose (2 g/kg, i.p.) were
administered at 0, 1, 3 and 6 h post-CCl, and blood glucose concentrations were found to
increase from 8.4 to 17.0 mmol/L within 10 min of the 3 h injection, a similar improvement
of cerebral glucose utilization (in 3 of 6 cortical and 3 of 7 subcortical regions) and
significant neuroprotection in both cortex and hippocampus was observed.

Brain Res. Author manuscript; available in PMC 2014 October 16.
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To our knowledge, this is the first demonstration that the post-injury induction of
hyperglycemia can attenuate TBI-induced reductions in cerebral glucose utilization. Our
data in sham injury controls indicates that induction of single or multiple periods of
hyperglycemia in the first 6 h after surgery did not alter the patterns of cerebral glucose
utilization 24 h post-surgery. While our measures of CMRGIc were made 24 or 18 h after
the last injection of exogenous glucose, these data in sham injured animals are consistent
with prior reports that acute hyperglycemia in normal rats does not alter brain glucose
utilization (Duckrow and Bryan, 1987; Duelli et al., 2000; Schuier et al., 1990). The
decrease in CMRGlIc ipsilateral to injury 24 h after CCl in saline—treated controls is
consistent with numerous reports of a generalized cerebral metabolic depression at this time
after experimental TBI (Hovda et al., 1991; Prins and Hovda, 2009; Sutton et al., 1994;
Yoshino et al., 1991). Although the animals administered glucose after CCI also had
significant reductions in cerebral glucose utilization compared to sham operates at 24 h post-
injury, the magnitude of this metabolic depression was significantly less than that of CCI-
saline controls in both cortical and sub-cortical brain regions. Interestingly, while there were
some differences in the cortical and sub-cortical regions of interest showing improved
glucose utilization after a single glucose administration immediately after CCI compared to
multiple glucose treatments at 0, 1, 3 and 6 h post-CCl, both glucose treatment protocols led
to widespread improvements in cerebral glucose utilization.

The mechanisms responsible for the improved CMRGIc at 24 to 18 h after the final glucose
administration in rats with CCI are unknown, but are presumably related to ability of the
injured brain to use the additional glucose during the period of increased energy demand and
hyperglycolysis that is induced by TBI (Lee et al., 1999; Sutton et al., 1994; Yoshino et al.,
1991) and the current findings of reduced neuronal injury 24 h after CCI injury and glucose
treatment(s). There is ample evidence that TBI induces an acute metabolic demand that can
lead to deficiency in cerebral extracellular glucose and metabolic crisis (Chen et al., 2000;
Fukushima et al., 2009; Krishnappa et al., 1999; Vespa et al., 2003, 2005). Acute
administration of exogenous fuels such as lactate (Chen et al., 2000) or pyruvate (Fukushima
et al., 2009) after experimental TBI can significantly attenuate TBI-induced reductions in
interstitial glucose concentrations, and these exogenous fuel treatments have been shown to
attenuate histopathology and improve outcome after TBI (Alessandri et al., 2012;
Fukushima et al., 2009; Holloway et al., 2007; Moro and Sutton, 2010; Rice et al., 2002).
Although we did not assess brain levels of glucose in the current study, we speculate that the
interstitial levels were increased in our CClI rats administered glucose. Norepinephrine
infusion in rats with CCI increases blood glucose (from 8.6 to 12.6 mmol/L) and
extracellular glucose (from 1.3 to 4.8 mmol/L) concentrations without altering edema
formation (Stover et al., 2002), and it has been reported that extracellular concentrations of
glucose are significantly increased during transient periods of unintentional hyperglycemia
in TBI patients (Diaz-Parejo et al., 2003). The latter authors also reported no change in
interstitial concentrations of pyruvate, lactate, glutamate or glycerol with episodes of
moderate hyperglycemia (blood levels of 12-15 mmol/L), although lactate levels increased
during episodes of more pronounced (>15 mmol/L) hyperglycemia. As the blood levels of
glucose assessed 10 min after a single glucose injection immediately post-CCl or 10 min
after the 3 h injection in our multiple glucose injected group all exceeded 15 mmol/L, it is
possible that both interstitial glucose as well as lactate were increased in our CCI-glucose
groups and that either or both fuels may have contributed to the reduced neuronal injury and
improved cerebral glucose metabolism observed in these studies.

The current findings indicate that an acute period of hyperglycemia, within the time frame of
increased energy demand and hyperglycolysis induced by TBI, can at least temporarily
improve neuronal viability. Just as both glucose treatment protocols led to similar
improvements in cerebral glucose utilization, comparable neuroprotection in cortex and
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hippocampus at 24 h post-injury was found with a single glucose treatment immediately
after CCI and when multiple injections of glucose were administered at 0, 1, 3 and 6 h post-
CCI. Perhaps as important, we found no adverse effects of these early post-CCl elevations
of blood glucose on histological outcomes, which is consistent with most prior reports in
experimental TBI models. Infusion of 5% dextrose in 0.9% saline (D5NS, at 560 mOsm/L;
0.25 ml/g, i.v.) over a 30 min period beginning 1 h after closed head injury, raising blood
glucose from 197 mg/dL (10 mmol/L) to 1,278 mg/dL (71 mmol/L), did not alter injury
volume assessed 18 h post-TBI (Gurevich et al., 1997). In summarizing results of the series
of studies in rats with TBI that examined effects of infusions of fluids that worsen edema or
neurological outcomes (e.g. 0.45% saline or 5% dextrose in water) and fluids that did not
alter these outcomes (e.g. 0.9% saline or D5NS; Shapira et al., 1992; Shapira et al., 1995;
Feldman et al., 1995), it was concluded that edema contributed more to adverse outcomes
after TBI than did increased blood glucose concentration (Talmor et al., 1998). Glucose
infusion (2 g/kg) begun 20 min after moderate-severe CCl injury in rats also had no effect
on cortical contusion volume or on neuronal cell densities in the CA1 or CA3 areas of the
hippocampus at 2 weeks after injury (Cherian et al., 1998a). This latter finding implies either
that the immediate glucose injection used in the current study was of import for
neuroprotection, or the protection seen at 24 h may not endure to later survival time points.
In mice with closed head injury that were treated with glucagon (25 pg, i.p.) 10 min after
injury to activate hepatic gluconeogenesis, blood glucose increased from 89 to 137 mg/L
(154%) within 15 min while glutamate concentrations in the circulation and in the
cerebrospinal fluid fell significantly (Fanne et al., 2011). Glucagon-induced improvements
in neurological outcomes and reductions in lesion size at one month after closed head injury
were attributed to the glutamate reduction effects, consistent with other studies showing
benefits of glutamate scavenging/reduction in the circulation after TBI (Gottlieb et al., 2003;
Zlotnik et al., 2007), and the authors suggest that the harmful effects of increased glutamate
outweigh those of hyperglycemia in post-TBI neurotoxicity (Fanne et al,, 2011). In a FPI
model of TBI lower doses (100 mg/kg) of glucose administered for 10 day post-injury did
not alter cognitive outcome, whereas the same dose of glucose administered 10 min prior to
cognitive tests on days 11-15 post-injury improved cognitive function (Kokiko-Cochran et
al., 2008). Thus, the vast majority of studies using animal models of TBI have found no
evidence that post-traumatic glucose administration or hyperglycemia is detrimental to the
brain.

To our knowledge the only study reporting detrimental effects of an early post-injury
administration of exogenous glucose on histological outcomes after an isolated experimental
TBI is that of Kinoshita et al. (2002). These authors injected dextrose (2 g/kg, i.p.) 5 min
after a moderate FPI in rats, raising blood glucose to ~27.7 mmol/L from a baseline of ~7.2
mmol/L by 15 min post-injection, and found no effect on mean contusion volume at 3 days
post-injury, although contusion area was significantly increased in 1 of 8 cortical planes
assessed. They also reported a significant increase in neutrophils within this same cortical
plane and an overall increase in mean number of neutrophils with dextrose treatment
administered 5 min post-FPI. It is not clear that this hyperglycemia-induced increase in
neutrophils after FPI could induce tissue damage, as there is evidence that the ability of
neutrophils to produce superoxide is significantly reduced under conditions of
hyperglycemia (Perner et al., 2003).

The effects of hyperglycemia induction in rodents prior to experimental TBI have also been
variable. Some authors reported no effects on measures of cerebral metabolism or behavioral
outcomes in a moderate FPI model (Vink et al., 1997), others found no effects on
histological damage in rats with mild CCI (Cherian et al., 1997) or on cerebral edema,
sensorimotor behavior or histopathology in mice with moderate-severe CCI (Hill et al.,
2010), with the latter study finding mild improvements in short-term memory (Hill et al.,
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2010). In rats with streptozotocin-induced type 1 diabetes one week prior to moderate severe
CCl injury, cerebral edema was decreased 48 h after TBI (Hill et al., 2010). Only a single
study has reported detrimental effects when glucose was infused in rats prior to severe CClI,
where the hyperglycemia was reported to increase contusion volume, but not hippocampal
cell loss, at 2 weeks post-injury (Cherian et al., 1998a). The reasons for these discrepant
findings for effects of pre-injury hyperglycemia on outcomes for experimental TBI are
uncertain, but may be more related to the extent of plasma corticosterone as compared to
glucose levels, as reported for neuronal damage induced by pre ischemic hyperglycemia
(Payne et al., 2003).

The preceding studies on the effects of glucose administration have been conducted in
various animal models of isolated TBI and, because glucose is the primary fuel of the brain
and it is known that hyperglycemia can reduce cerebral blood flow in uninjured rats
(Duckrow, 1995; Duckrow and Bryan, 1987), it is possible the different outcomes reported
are related to model-specific or injury severity effects on cerebral energy demands (ATP
production) and cerebrovascular functions. For example, moderate FPI results in a shorter
period of hyperglycolysis and reduced ATP than does moderate CCl injury (Lee et al., 1999)
and reductions in cerebral blood flow are relatively mild and transient after moderate FPI or
mild CCI (Cherian et al., 1994; Yamakami and MclIntosh, 1989; Yuan et al., 1988) while
moderate-severe CCI can lead to primary ischemia in the impact site and adjacent regions of
the brain (Cherian et al., 1994; Kochanek et al., 1995; Sutton et al., 1994). However, when
treatments to increase glucose levels were administered within 30 min prior to or subsequent
to isolated TBI reports indicate beneficial effects for closed head injury (Fanne et al., 2011)
or moderate-severe CCI (Hill et al., 2010; the current study), no effects with moderate FPI
(Vink et al., 1997), mild CCI (Cherian et al., 1997) or moderate-severe CCI (Cherian et al.,
1998a; Stover et al., 2002), and detrimental effects after moderate FPI (Kinoshita et al.,
2002) or moderate severe CCI (Cherian et al., 1998a). These varied outcomes across injury
models do not seem compatible with the concept that glucose effects are dependent on
injury severity factors related solely to cerebral energy demands or the extent of injury-
induced ischemia. In contrast to these studies of isolated TBI, when a secondary ischemic
injury is induced subsequent to mild or severe CCl injury in rats either pre- or post-injury
elevations of blood glucose levels have been reported to increase cortical and hippocampal
damage (Cherian et al., 1997, 1998a). As discussed by the latter authors, glucose effects on
cerebrovascular factors could work in concert with secondary ischemia to produce more
severe damage in these combined injury models. These detrimental effects may also be
related to worsened energy crisis and ATP reductions found with a TBI combined with
secondary injury or repetitive TBI (Aoyama et al., 2008; Ip et al., 2003; Signoretti et al.,
2010). As recently indicated by Hill et al. (2010), further research on effects of
hyperglycemia in experimental models of TBI plus secondary injury or models of
polytrauma will be needed.

While our findings of improved CMRglc and reduced neuronal injury with post-CCI periods
of hyperglycemia may seem surprising in light of the dogma that post-traumatic
hyperglycemia is to be avoided, there is scant evidence that hyperglycemia after clinical TBI
affects neurologic injury (Marion, 2009). However, hyperglycemia may increase oxidative
stress and production of damaging reactive oxygen species (ROS) can also result from
mitochondrial dysfunction or from increased activity of xanthine oxidase or NADPH
oxidase after TBI (Dohi et al., 2010; Signoretti et al., 2010; Zhang et al., 2012).
Hyperglycemia-induced ROS production and neuronal injury in murine stroke appears to be
mediated by NADPH oxidase (Suh et al., 2008), and inhibition of NADPH oxidase after TBI
is neuroprotective (Choi et al., 2012; Zhang et al., 2012). Interestingly, high glucose levels
in cultured astroglia cells can activate activity of the pentose phosphate pathway, increasing
levels of glutathione and decreasing production of ROS (Takahashi et al., 2012). Neurons
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were found to have 4-5 fold less activity in the pentose phosphate pathway than astroglia
and, although ROS are produced in neuronal cultures subjected to increasing concentrations
of glucose, no increase in ROS was found in mixed astroglia-neuronal cultures exposed to
high glucose levels, suggesting that the presence of astrocytes offset ROS production in
neurons (Takahashi et al., 2012). If a similar effect occurs in vivo, a protective activation of
pentose phosphate pathway activity and production of glutathione in astrocytes may underlie
the neuroprotection seen here in CClI rats subjected to hyperglycemia, similar to other
protective roles for astrocytes reported in models of TBI (Bartnik-Olson et al., 2010; Myer
etal., 2006).

In summary, the current results demonstrate that acute periods of hyperglycemia
immediately after experimental TBI can be neuroprotective and improve CMRglc in some
cortical and subcortical brain regions at 1 day post-injury. While we would not recommend
administration of excess concentrations of glucose in clinical TBI due to the obvious
correlation between hyperglycemia and increased infection or mortality in patients
(Griesdale et al., 2009; Jeremitsky et al., 2005; Lam et al., 1991; Liu-DeRyke et al., 2009;
Rovlias and Kotsou, 2000; Young et al., 1989), the current studies do serve as proof of
principle that post-TBI hyperglycemia per seis not necessarily detrimental. As suggested by
the current results and by other studies indicating that fuels such as lactate, pyruvate or
ketone bodies may improve outcome after experimental TBI (Alessandri et al., 2012; Chen
et al 2000; Deng-Bryant et al., 2011; Fukushima et al., 2009; Holloway et al., 2007; Moro
and Sutton, 2010; Prins and Hovda, 2009; Rice et al., 2002) the injured brain may require
supplemental or higher than normal circulating fuel levels during the post-injury period.
While use of insulin to maintain blood levels at or below ~6.7 mmol/L (120 mg/dL) has
been reported to have positive effects in some patients with severe TBI (Yang et al., 2009),
other studies report detrimental hypoglycemia or increased metabolic crisis in TBI patients
receiving intensive insulin therapy (Bilotta et al., 2008; Oddo et al., 2008; Vespa et al.,
2006, 2012). Insulin treatment to reduce blood glucose levels below 8 mmol/L is also
correlated with decreased brain glucose levels, increased brain lactate concentrations and
peri-ischemic cortical depolarizations (Hopwood et al., 2005). Further research to determine
optimal glucose levels and how to maintain this fuel within the proper range to facilitate
optimal brain metabolism and neuronal function after TBI will be needed.

4. Experimental procedures
4.1. Subjects

A total of 77 male Sprague Dawley rats (287-395 g) from Charles River Breeding Labs
(Hollister, CA) were used for the studies. Animals were housed in rat shoebox cages (2 per
cage) and acclimated to vivarium conditions for 1 week before initiation of experiments.
Rats were maintained in a temperature- (70-76°F) and humidity controlled (30-70%) room
(lights on 06:00 to 18:00), with food (Teklad 7904) and tap water available ad libitum. All
experimental procedures and protocols were conducted in accordance with the National
Institutes of Health Guidelines for the Care and Use of Animals and were approved by the
UCLA Chancellor’s Animal Research Committee.

4.2. Surgery for CCI or Sham injury

Surgery to induce CCI was performed as previously described (Fukushima et al., 2009;
Moro and Sutton, 2010; Sutton et al., 1993). In brief, after induction of general anesthesia
(4% isoflurane in oxygen at 1.5 L/min) animals were secured in a stereotaxic frame and
isoflurane was maintained at 2% during surgery. Core body temperature was monitored
continuously by a rectal probe and maintained at 37.0+1.0 °C with a thermostatically
controlled heating pad (Harvard Apparatus Limited, Edenbridge, KY). A 6 mm diameter
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circular craniotomy, centered -3 mm from Bregma and 3.5 mm lateral (left) from the
midline, was made using a high-speed drill under a surgical microscope. CCI was produced
using a pneumatically-driven (20 psi; 2.30 2.40 m/sec velocity) dual-stroke piston with a 5
mm diameter flat-tipped impactor which compressed the exposed dura mater and underlying
brain to a depth of 2 mm for 250 msec. Sham injury controls underwent similar anesthetic
and surgical interventions, excluding the craniotomy and CCI. After injury the scalp was
sutured closed, bupivacaine (0.1-0.14 mg/kg, s.c.) was injected around the incision site, and
rats were placed in a heated recovery cage until ambulatory.

4.3. Glucose Administration and Monitoring

Animals in the studies were randomized to receive injection of either glucose (GLC; 2.0 g/
kg; 50% solution in 0.9% saline; i.p.) or comparable volume of 8% saline (SAL; osmolality
control), with both treatment solutions filtered (0.22 um) prior to injection. Blood samples
were obtained by tail venepuncture at various times pre- and post-injection, described
below, and used to determine blood glucose concentrations (2700 Select Biochemistry
Analyzer, YSI Inc., Yellow Springs, OH).

4.3.1. Experiment 1—Rats entered into the 4 injury-treatment groups for this experiment
(Sham-SAL, n=10; Sham-GLC, n=9; CCI-SAL, n=9; CCI-GLC, n=9) had a venous blood
sample collected immediately after induction of anesthesia (Pre-injury) and a single
injection of SAL or GLC was administered immediately after induction of Sham or CCI
injury. Anesthesia in these groups was maintained until a second venous blood sample was
taken at 10 min after the injection. Another brief (~2 min) period of anesthesia was induced
in these rats to obtain a third venous blood sample at 60 min after SAL or GLC injection.

4.3.2. Experiment 2—Rats in the groups of this experiment (Sham-SAL, n=10; Sham-
GLC, n=10; CCI-SAL, n=10; CCI-GLC, n=10) were injected with SAL or GLC at 0, 1, 3
and 6 h after induction of Sham or CCI injury. Immediately prior to the 3 h post-injury
injection these rats were anesthetized to enable collection of a venous blood sample, and
they were maintained under light anesthesia (1-1.5% isoflurane) until collection of a second
venous blood sample was completed at 10 min after the 3 h injection.

4.4. Cerebral Glucose Utilization

At 22 h post-injury animals were anesthetized and surgery was performed to place
polyethylene catheters (PE-50; Becton, Dickinson, NJ) in the right femoral vein and artery.
After catheters were placed the skin was sutured and the incision site was infiltrated with
bupivacaine (0.1-0.14 mg/kg, s.c.). The animal was removed from anesthesia, restrained
onto cardboard to reduce hindlimb movements, and maintained in dim light and quiet room
conditions for the next 2 h to allow recovery from anesthesia. At 24 h post-injury baseline
arterial blood samples were collected for measures of blood gasses (using either a 238 pH/
Blood Gas Analyzer, Ciba Corning Diagnostics Ltd, Halstead, UK or a Siemens Rapidpoint
340, Healthcare Diagnostics Inc, Plainfield, IN) and plasma glucose and lactate levels (2700
Select Biochemistry Analyzer). To assess local cerebral metabolic rates for glucose
(CMRGIc), 14C-2DG was administered (120 uCi/kg, i.v.; American Radiolabeled Chemicals
Inc, St. Louis, MO) within a 30 sec interval and 12 timed arterial blood samples were
collected in polyethylene-heparin lithium fluoride coated tubes over a 45 min period. These
samples were kept on ice until being centrifuged, and plasma was assayed for 14C activity
on a scintillation counter (LS-6500; Beckman Coulter, Brea, CA) and for glucose and lactate
levels. Rats were sacrificed by bolus infusion of sodium pentobarbital (100 mg/kg, i.v.) 45
min after the 14C-2DG infusion, brains were rapidly removed and immediately frozen in 2-
methylbutane at —55°C. Frozen coronal tissue sections (20 jum) collected onto glass
coverslips were exposed to Kodak Biomax film with 14C methacrylate standards
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(Amersham, Arlington Heights, IL) for 2-3 days, and images were digitally captured with a
flat-bed scanner (256 dpi, 8 bit gray scale). Image data were calibrated in ImageJ software
(version 1.42q: National Institutes of Health, Bethesda, MD) using the brain standards and
the plasma 14C input curve using the equations of Sokoloff et al. (1977) so that the gray
scale values were transformed to units of CMRGlIc (umol/100 g/min) for each brain region
of interest (ROI), which were measured bilaterally from autoradiographs. For each ROI
values were obtained from 5 tissue sections and averaged for each animal.

During conduct of the studies 14C-2DG purchased in differing shipment/lot numbers was
found to differ in their true specific activities, such that calculated the CMRGIc was quite
variable across shipments. The same supply of 2DG was used in 7-8 animals per group in
Experiment 1, where analyses showed no effect of injury on right hemisphere ROIs and that
the pattern of injury or glucose treatment effects were the same regardless of whether data
used were the ipsilateral CMRGIc (i.e., umol/100 g/min) or when data in the left and right
ROIs were expressed as CMRGIc asymmetry scores [(left - right/left + right) x 100], as we
have previously done for cerebral metabolism data (Hovda et al., 1991; Moro and Sutton,
2010). To utilize data from all animals in Experiment 1, where 1-3 rats/group were injected
with a different batch of 2DG, these CMRGIc asymmetry scores were analyzed. For
Experiment 2, where three 2DG shipments were used, all cerebral glucose utilization data
were expressed as CMRGIc asymmetry scores.

4.5. Fluoro-Jade B staining and analysis

Tissue sections (20 pm) adjacent to those saved for 2DG were mounted onto glass slides and
stored at 20 °C until staining for Fluoro-Jade B (FJB). These sections were brought to room
temperature and fixed in 10% formalin overnight prior to staining with FJB (2FJB; Histo-
Chem Inc, Jefferson, AR) and 4/,6-diamidino-2-phenylindol dihydrochloride (DAPI; D9542:
Sigma Aldrich, St. Louis, MO), using final dye concentrations of 0.0004% for FJB and
0.0002% for DAPI (Schmued and Hopkins, 2000). After staining the sections were dried,
cleared and cover-slipped as described previously (Moro and Sutton, 2010).

Dead/dying (FJB positive; FIB+) cells were counted in 8 animals of each experimental
group using an epifluorescent microscope (480 nm excitation; Model DMRE: Leica
Microsystems GmbH) interfaced with a computer running Stereo Investigator software
(version 3.0: MicroBrightField Inc, Colchester, VT). All counts were performed by an
observer masked to the treatment conditions, using 20-40 x objectives to identify FIB+ cells
with neuronal morphology. FIB+ neurons in the left midline peri-contusional cortex, dorsal
to the corpus callosum and from midline to 1.5 mm laterally, were counted on 5 tissue
sections from —0.8 to —4.8 mm posterior to Bregma (at 1 mm intervals). FJB+ neurons in the
ipsilateral hippocampus were counted for 3 anterior sections (-2.8, —3.3 and —3.8 from
Bregma) containing the CA3 subsector and the hilus, and from 3 tissue sections containing
the ventral hilus (4.8, —5.3 and —5.8 mm) and 2 sections containing the ventral CA3 (-4.8,
-5.3 mm). The cell counts and counting areas within each region (cortex, CA3 and hilus)
were summed for each animal, with final cell density data being expressed as FIB+ cells per
mm? of tissue area.

4.6. Data analysis

All data were normally distributed and so are reported as the group average + standard error
of the mean (SEM), and were analyzed using IBM SPSS Statistics (v19). Analyses of
variance (ANOVA) were carried out on data for CMRGlIc (each ROI) and physiological
data, using repeated measures for those data measured over multiple time points (i.e. venous
plasma glucose concentration). Individual group means were compared using t tests via the
Tukey-Fisher least significant difference (LSD) criterion with a set at 0.05 (two-sided).
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Analysis of FJB+ neurons in cortex, CA3 and hilus of CCI groups of each separate
experiment were analyzed using unpaired t tests with a set at 0.05 (two-sided). ANOVA
followed by individual group mean comparisons was used to compare FJB+ cells in CClI
injury conditions across Experiment 1 and Experiment 2.
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Abbreviations

ANLS astrocyte-neuron lactate shuttle

ANOVA analysis of variance

ATP adenosine triphosphate

CCl controlled cortical impact

CMRGIc cerebral metabolic rates of glucose

CMRO2 cerebral metabolic rates of oxygen

D5NS 5% dextrose in 0.9% saline

DAPI 4’ 6-diamidino-2-phenylindol dihydrochloride

FJB Fluoro-Jade B

FPI fluid percussion injury

GLC glucose (50%)

Mg** magnesium

PBS phosphate buffered saline

ROS reactive oxygen species

SAL saline (8%)

SEM standard error of the mean

TBI traumatic brain injury
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Fig. 1.

Mean (bars represent SEM) asymmetry scores [((L-R)/L+R)*100] for CMRGIc in brain
regions 24 h after Sham or CCl injury and a single treatment of saline (SAL) or glucose
(GLC). # p < 0.001 compared to Sham with same treatment; @ p < 0.05, P p < 0.01, ¢ p <
0.001 compared to CCI-SAL.
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Fig 2.

Representative FJB staining at 24 h after CCI injury and a single treatment of saline (SAL)
or glucose (GLC). FJB-positive (FIB+) cells were more numerous in contoured regions of
the ipsilateral cortex medial to the contusion site in CCI-SAL (A) compared to CCI-GLC
(B) animals. Inserts in each panel are higher powered images illustrating FIB+ cells with
neuronal morphology. FIB+ cells were also more numerous in the CCI-SAL group within
the ipsilateral hilus (C) and CA3 (E) regions of the hippocampus compared to animals in the
CCI GLC group (D, F). Scale bar = 25 pm in panels A, B, E and F; 200 um in panels C and
D.
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Fig. 3.

Shows the mean (bars represent SEM) cell densities for dead/dying neurons in the left peri-

contusional cortex, hilus and CA3 subsector of the hippocampus 24 h after CCl injury and a
single treatment of saline (SAL) or glucose (GLC). * p 0.05, ** p < 0.01 compared to CCI-

SAL.
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Fig. 4.

Mean (bars represent SEM) asymmetry scores [((L-R)/L+R)*100] for CMRGlIc in brain
regions 24 h after Sham or CClI injury and four treatments of saline (SAL) or glucose
(GLC). # p < 0.001 compared to Sham with same treatment; @ p < 0.05, P p < 0.01 compared
to CCI-SAL.
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Fig. 5.

Mean (bars represent SEM) cell densities for dead/dying neurons in the left peri-contusional
cortex, hilus and CA3 subsector of the hippocampus 24 h after CCI injury and four
treatments of saline (SAL) or glucose (GLC). * p < 0.05, ** p < 0.01, *** p 0.001 compared
to CCI-SAL.
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Table 1

Mean (£ SEM) venous plasma glucose concentrations (mmol/L) in Sham and CCI groups given one saline
(SAL) or glucose (GLC) injection immediately after surgery.

Sham-SAL Sham-GLC  CCI-SAL  CCI-GLC

Samplesize n=6 n=7 n=5 n=6
Pre-injury 8.2+0.30 8.5+0.29 8.4+0.22 85+0.31
+10 min 13.0£062 195+139a 129+144 1954+187b

+60 min 9.1+0.31 10.6 +0.87 87+017 101+159

ap < 0.01 compared to Sham-SAL;

bp < 0.01 compared to CCI-SAL.
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Mean (= SEM) change in body weight (in grams) one day post-injury, and the baseline arterial blood pH,
gasses, and plasma glucose and lactate concentrations (mmol/L) prior to 2DG injection in Sham and CClI

groups given one saline (SAL) or glucose (GLC) injection immediately after surgery.

Sham-SAL Sham-GLC CCI-SAL CCI-GLC
Sample size n=10 n=9 n=9 n=9
Wt. change -07+164 -20%+126 _gg+165 " -97+207""
pH 742+0.01 743001 7.42+0.01 7.43 +0.01
pCO2 (MmHg) 395+127 39.0+1.03 38.6+058 39.3+1.10
pO2 (mm Hg) 90.8+3.62 84.2+238 842+0098 82.2+253
HCO3s 26.1+048 26.3+050 25.4+0.60 26.7+0.75
tC0O2 269+0.73 26.9+069 26.0+0.72 27.4+0.90
028Sat 96.9+035 964+035 964+0.15 96.2+0.37
Glucose 9.5+0.29 9.6+0.34 8.9+0.36 9.1+0.23
Lactate 0.7+ 0.07 0.8+0.12 0.8+0.11 0.6 +0.04

*%

p< 0.003 compared to similarly treated Sham
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Mean (= SEM) change in body weight (in grams) one day post-injury, and the baseline arterial blood pH,
gasses, and plasma glucose and lactate concentrations (mmol/L) prior to 2DG injection in Sham and CClI

groups given saline (SAL) or glucose (GLC) injections at 0, 1, 3 and 6 h after surgery.

Sham-SAL Sham-GLC CCI-SAL CCI-GLC
Sample size n=10 n=10 n=10 n=10
Wt. change -51+234 -59+164 _111+146" -123+150"
pH 745+0.01 7.46+x001 7.47+0.01 7.46 £ 0.01
pCO2 (MmHg) 41.3+097 406+121 39.9+112 39.3+1.08
pO2 (mm Hg) 85.1+228 80.2+290 828224 83.4+3.12
HCO3s 28.3+048 28.9+055 28.7+0.40 28.2+0.74
tCo2 29.6+048 30.2+056 29.9+0.44 29.4+0.76
0O2Sat 96.7+035 96.2+047 96.6+0.37 96.5+0.53
Glucose 96+021  9.2+049 85+026" 8.4+028"
Lactate 0.7+0.08 0.6+0.03 0.6 +0.02 0.6 +0.04

p< 0.05 compared to Sham-SAL
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