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ABSTRACT—Acute brain dysfunction is a complication of sepsis, and its pathophysiology remains poorly understood. We
studied the brain metabolism in a resuscitated animal model of sepsis. Twelve anesthetized, mechanically ventilated, and
invasively monitored pigs were allocated to a sham procedure (N =5) or sepsis (N=7). Sepsis was induced through fecal
inoculation in the peritoneum. Fluid resuscitation was maintained during the entire study period. Animals were observed until
spontaneous death or for a maximum of 24 h. In addition to global hemodynamic and laboratory assessment, intracranial
pressure and cerebral microdialysis (MD) were evaluated at baseline, 6, 12, 18, and 24 h after sepsis induction. After
euthanasia, the brain was rapidly removed and a fragment from the frontal cortex was analyzed for markers of neuro-
inflammation, metabolism, and neurotransmission. Septic animals developed a hyperdynamic state associated with
increased arterial lactate. Cerebral microdialysis showed unchanged levels of lactate/pyruvate ratios and brain glucose
between the groups. Brain/serum glucose ratios were increased in the septic animals during the study period despite a
progressive decrease in serum glucose. Moreover, extracellular glutamine levels were elevated starting at 6 h after sepsis.
Tissue analysis showed elevated glutamate, glutamine, and glutamine synthetase in the sepsis group. However, C-Fos, a
marker of neuronal activity, was unchanged between groups. In this animal model of resuscitated sepsis, we found increased
oxidative stress and alterations in neuroenergetics characterized by exacerbated activity of the glutamate/glutamine cycle
and increased glucose utilization by the brain, however without any evidence of decompensated energy metabolism.
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INTRODUCTION

Brain dysfunction is a major complication of sepsis, charac-
terized by a spectrum of impaired consciousness, ranging from
mild delirium to coma. It occurs early during sepsis and may be
associated with brainstem dysfunction, electroencephalo-
graphic changes (1) and neuroimaging findings (2). Delirium
is associated to increased mortality (3), and acute brain dys-
function is related to long-term cognitive impairments (4).

The pathophysiology of brain dysfunction in sepsis
remains unclear. It has been linked to cellular damage,
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neuroinflammation, mitochondrial dysfunction, altered cere-
bral blood flow, and neurotransmission (5). Neurotransmission
and ionic homeostasis account for most of brain energy expen-
diture, and most of this expenditure is related to the glutamate/
glutamine cycle. Glutamate is the major excitatory amino acid,
and its extracellular levels must be tightly regulated to maintain
brain tissue homeostasis. Activated microglia in sepsis leads to
secretion of cytokines and increased glutamate production,
resulting in increased metabolic demand. Moreover, neuro-
transmitter reuptake, antioxidant defense, and energy substrate
delivery depend on a strong metabolic cooperation between
astrocytes and neurons, and these processes critically depend
on energy metabolism (6). Thus, neuroinflammation and
increased excitatory glutamatergic neurotransmission may lead
to a bioenergetic crisis and brain dysfunction. These processes
have been suggested as potential therapeutic targets in sepsis-
associated encephalopathy (7, 8).

Data on nonresuscitated animal models of septic shock have
shown that neuroinflammation, altered brain energy metabo-
lism, and potentially ischemia are involved in the development
of acute brain dysfunction and cognitive impairment (9—11).
However, these changes were associated with refractory hypo-
tension and tissue hypoxia, which are often absent in early
sepsis-associated brain dysfunction.

Multimodal monitoring with cerebral microdialysis allows the
evaluation of the extracellular neurochemical profile of the brain
after sepsis induction. Coupled with tissue analysis of metabolites
related to energy metabolism and neuronal function, there is
opportunity to describe the potential mechanisms implicated in
the development of acute brain dysfunction after sepsis.
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The aim of this study was to evaluate the relationship of
disturbances of brain metabolism and markers of neuronal
function with systemic and brain hemodynamics in a large
animal model of resuscitated sepsis. We hypothesized that brain
metabolism and neuronal function are impaired during sepsis
and that these changes are unrelated to severe hemodynamic
compromise.

MATERIALS AND METHODS

The study protocol was approved by the Institutional Animal Research
Ethics Committee at Hospital Sirio-Libanes and was performed according to
National Institute of Health guidelines for the use of experimental animals.
Instrumentation, surgical preparation, and induction of sepsis were performed
as previously described (12).

Experimental animals, design, and surgical preparation

Twelve male pigs weighing approximately 40kg were fasted for 18 h with
free access to water before the experiment. The animals were premedicated with
intramuscular midazolam (0.3 mg/kg) and acepromazine (0.5mg/kg), intu-
bated, and connected to a mechanical ventilator (Evita XL, Drager Medical,
Lubeck, Germany) with a positive end expiratory pressure (PEEP) of 5 cmH,0,
oxygen inspiratory fraction (FIO,) of 30%, tidal volume of 8 mL/kg, and
respiratory rate adjusted to maintain a PaCO, value between 35 and 45 mmHg.

An introducer was placed through the external jugular vein using surgical
dissection or ultrasound-guided insertion and a 7F pulmonary artery catheter
(Edwards Lifesciences) was advanced into the pulmonary artery for continuous
measurement of cardiac output, venous oxygen saturation, and end-diastolic
volume of the right ventricle. The right femoral artery and femoral vein were
surgically exposed. A 6F arterial catheter was invasively introduced into the
femoral artery and connected to a pressure transducer zeroed at the mid-chest
level. A double-lumen catheter was inserted through the femoral vein for
drug infusion.

All animals were sedated with continuous intravenous infusions of mid-
azolam (0.3 mg/kg/h) and fentanyl (10 mcg/kg/h), and paralyzed with a bolus
(0.15mg/kg) and a continuous infusion of pancuronium (0.25 mg/kg/h).

A midline laparotomy (approximately 4 cm) was performed in all animals. A
catheter was surgically inserted in the bladder to record urinary output
throughout the experiment. After a 2cm incision in the descendent colon,
0.5 g/lkg body weight of feces was collected. The colon was then sutured and
returned to the abdominal cavity. Two large plastic tubes were inserted into the
peritoneal cavity through the abdominal wall, one in each side, for later
injection of feces in the experimental group and saline solution in the control
group. The abdominal wall was then closed in two layers and the animals were
then placed in prone position.

Before induction of sepsis, a crucial incision was made to open the scalp.
Bilateral craniotomy was then performed in all animals using a drill to open two
holes with a diameter of approximately 0.5 cm. The dura covering the frontal
lobe on the right side of the cranium was visualized and opened in a small
incision. A microdialysis catheter with a 10 mm membrane (CMA 70, CMA
Microdialysis, Stockholm, Sweden) was then inserted to maintain the entire
membrane extension inside the brain parenchyma. The dura mater on the left
frontal lobe was visualized, punctured, and an intraparenchymal fiberoptic
catheter (Codman ICP monitoring system, Codman Neuro, Raynham, Mass)
was then inserted to measure intracranial pressure (ICP). Both catheters were
placed under sterile conditions at a depth of 1 to 1.5cm into the brain
parenchyma. A CMA 106 microdialysis perfusion pump (CMA Microdialysis)
was used to perfuse the interior of the catheter with sterile artificial cerebro-
spinal fluid (Na 148 mmol/L, Ca 1.2 mmol/L, Mg 0.9 mmol/L, K 2.7 mmol/L,
Cl— 155 mmol/L) at a rate of 0.3 pL/min.

After the surgical procedures and a period of 60 min for stabilization, the
feces were mixed with 200 mL of heated saline solution and infused in the seven
animals of the experimental group. The control group received 200 mL of warm
saline solution. During the surgical procedure and stabilization, the animals
received a continuous infusion of 1 mL/kg/min of lactate Ringer solution.

The moment immediately before fecal infusion was considered as baseline.
Parameters recorded at baseline and hourly throughout the experiment included
heart rate, cardiac output, arterial pressure, venous saturation, blood tempera-
ture, urinary output, peak and plateau airway pressures, PEEP, tidal volume,
FiO,, oxygen saturation, and ICP. Arterial and mixed venous blood analyses
were performed at baseline every 3 h to measure glucose, arterial lactate, pH,
pO,, pCO,, bicarbonate, base excess, hemoglobin, and hematocrit (ABL 700,
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Radiometer, Copenhagen, Denmark). Body surface areas, cardiac index, and
cerebral perfusion pressure were calculated using standard formulas. At base-
line and every 3 h ICP, CPP and microdialysis parameters (lactate, glucose,
pyruvate, glutamate, glycerol) were also recorded. After injection of feces all
animals received a continuous intravenous infusion of 5mL/kg/h of lactate
ringer solution. Additional boluses of crystalloids (500 mL) were administered
if mean arterial pressure (MAP) declined below 65 mmHg. If the animal
remained hypotensive despite volume loading, norepinephrine was initiated at a
rate of 0.025 mcg/kg/min and titrated every 15 min to avoid hypotension. All
animals were observed until spontaneous death or for a maximum of 24 h after
the induction of peritonitis.

The animals were killed with potassium chloride overdose after anesthesia
deepening. The brain was rapidly removed, immediately frozen in liquid
nitrogen and stored in a freezer —80°C until processing. A small fragment
of frontal cortex was removed, weighed, and diluted 10-fold in homogenization
buffer contained 20mM Tris-HCI (pH 7.4), 2mM EDTA and a cocktail of
protease inhibitors (Roche complete mini, Basel, Switzerland).

Cerebral microdialysis and tissue metabolite analysis

After the MD catheter placement, 1 h of stabilization was allowed before
sampling for normalization of changes due to probe insertion. Samples were
then collected every 3 h into a microvial and immediately analyzed for glucose,
lactate, pyruvate, glutamate, and glycerol (mmol/L) with the CMA 600 analyzer
(CMA Microdialysis). The analyzer was automatically calibrated on initiation
using standard calibration solutions from the manufacturer. The remaining
perfusate was frozen in a —70°C freezer for a posterior analysis.

The homogenized tissues or microdialysis samples were treated to measure
amino acids levels by high performance liquid chromatography as previously
described. Amino acid concentrations were expressed per gram of total proteins
in tissue homogenates or micromolar concentration in microdialysis. Tissue
fragments were homogenized at 4°C in RIPA buffer (Sigma, St. Louis, Mo).
Total protein concentrations were determined using the BCA assay (Pierce).
Equal amounts of proteins (10 g) were resolved in 4% to 15% polyacrylamide
gels and transferred to PVDF (polyvinylidene difluoride) membranes. Mem-
branes were probed with primary antibodies, followed by the appropriate
secondary antibody conjugated with infrared dyes (LI-COR Biosciences).
Primary antibodies used were anti-c-fos (1:500; Abcam, Cambridge, Mass),
anti-Glutamine Synthetase (1:10,000, BD Biosciences), anti- 4-hydroxynone-
nal (1:500; Abcam) and anti-actin (1:10,000; Abcam). Immunoreactive bands
were visualized and quantified using Odyssey Infrared Imaging System (LI-
COR Biosciences). The relative levels of each protein were calculated as a ratio
against actin, normalized to those of controls run in the same gel.

Statistical analysis

Statistical analysis was performed using IBM SPSS Statistics for Macintosh,
Version 23.0 (IBM Corp Armonk, NY) and GraphPad Prism, version 6.0 for
Mac OS X (GraphPad Software Inc., San Diego, Calif). Data are presented as
mean £ SD or median (IQR range). Normal distribution was confirmed using
the Kolmogorov—Smirnov test. Variables were compared using parametric
Student ¢ tests or Mann—Whitney U tests for nonparametric data. The signifi-
cance of differences in the measured variables between groups was analyzed
using a two-way (time and groups) analysis of variance (ANOVA) followed by a
Bonferroni post hoc analysis. A P value of <0.05 was considered
statistically significant.

RESULTS

Twelve animals were used, seven in the sepsis group and five
in the sham group. All but one animal survived during the 24 h
of the study period. This animal presented sudden cardiac arrest
after 12 h of sepsis. At baseline, there were no significant
differences between groups in hemodynamic and respiratory
variables (Table 1). In the sepsis group, heart rate, cardiac
output, and arterial lactate increased, whereas serum glucose
and base excess decreased during the study period in the sepsis
group, as compared with sham animals. The mean arterial
pressure decreased significantly from baseline in the septic
animals. Although arterial lactate increased significantly in
septic animals, none developed refractory hypotension or used
noradrenaline during the study period.
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TasLe 1. Evolution of variables over time in septic (n=7) and sham (n=5) animals
ANOVA ANOVA

Parameter Group Baseline 6 h 12 h 18 h 24 h within group  sepsis vs. sham

Heart rate, beats/min Sepsis  139+8.9 172+10 169+10 158+ 15 155+13 0.2 <0.001
Sham 108 £ 14 96+10 105+7 115+ 14 106 +£7 0.8

Cardiac output, L/min Sepsis 51+04 6.3+1.2 6.5+1.4 75+29 =" 0.6 0.03
Sham 49+0.6 4.8+0.6 47+0.5 46+0.9 4.8+0.5 0.9

Temperature, °C Sepsis 39.4+06  408+0.7 41.1+06 415+03 415+0.3 0.07 <0.001
Sham  36.4+0.7 37.3+£0.7 385+1 39.3+£1.3 39.8+0.9 0.1

Pulmonary artery occlusion Sepsis 9+1.2 9.8+1.1 10+1 10+2 13+3 0.4 0.24

pressure, mmHg

Sham 11.2+14 126+2 11+1 10+2 12+1 0.8

Mean arterial pressure, mmHg Sepsis  114+4.3 93+4 89+3 84+5 76+4 <0.00 <0.001
Sham 122+9.7 116+13 113+12 111+12 108+ 16 0.9

Intracranial pressure, mmHg Sepsis 13+2.1 15+2 15+2 16 +1 16 +0.6 0.9 0.8
Sham 10+4.1 13+3 13+4 17+6 18+5 0.6

Cerebral perfusion pressure, mmHg Sepsis 101 +£3.6 78+2 75+2 71+5 62+4 <0.00 0.001
Sham 112+13 102+15 100+ 15 93+ 21 96+25 0.8

Oxygen delivery, mL Sepsis  709+57 1045+233 8094193 = = 0.5 0.2
Sham 655+ 113 599+ 134 585+ 91 535+171 619+97 0.9

P/F ratio Sepsis  350+20 350+ 19 352 +22 335+29 -t 0.9 0.8
Sham 386 +44 348 + 37 341+ 31 322+ 34 319+33 0.7

pH Sepsis  7.54+0.02 7.45+0.0 7.4+01 7.5+0.0 7.5+0.0 0.8 0.1
Sham 7.5+0.05 7.5+0.0 75+0.0 7.5+0.0 7.5+0.0 0.9

PaO,, mmHg Sepsis 127 +6 122+8 125+6 120+9 126+ 16 0.9 0.2
Sham 126 £6 113+15 115+10 109+12 108 £12 0.8

Base excess Sepsis 2.6+0.9 0.8+0.9 -3.8+4 1.2+£0.3 -1+0.3 0.1 <0.001
Sham 4941 4.4+07 45+13 3.7+1.6 5.9+1 0.7

Lactate, mg/dL Sepsis  10.8+1.2 149+14 20+7 18+2 28+13 0.2 0.048
Sham  11.8+1.7 14.8+2.8 15+2 13+8 12+4 0.8

Hemoglobin, g/dL Sepsis  10.5+0.4 12.8+08 11.2+0.5 1141 9.2+0.1 0.06 0.02
Sham 9.8+0.6 10.1+0.8 9.6+0.8 8.6+0.7 102+1.3 0.7

Glucose, mg/dL Sepsis 115412 75+4 64+3 53+2 48+ 11 <0.00 <0.001
Sham 130 +22 120+ 6 107 +6 94+8 90+5 0.9

SvO,, % Sepsis 59+3 55+0.9 51+2 52+3 51+6 0.2 0.2
Sham 71+£3 55+13 61+5 56+5 -t 0.4

Plateau pressure, mmHg Sepsis 17.4+2.6 17+2 18 +1 19+2 23+3 0.4 0.9
Sham 18+1.7 19+2 19+2 20+2 20+t2 0.9

Ca0,, mmHg Sepsis  139+6 167+12 149+8 142+12 121+0.7 0.1 0.001
Sham 130+8 119+14 121+£10 106 +£10 123+12 0.6

Fluid, cumulative, mL Sepsis 1429 +71 2886+91 4164+151 5375+174 6725+196 <0.00 <0.001
Sham 1070+54  2250+45 3610+209 4770+231 5930+ 258 <0.00

Urine output cumulative, mL Sepsis 0 471 £72 685+123 1135+133 1467+ 124 <0.00 0.15
Sham 0 704+199 1015+311 1281+332 1603+322 0.2

Data are shown as mean + standard deviation.

“Thermodilution-derived cardiac output data not available due to significant hyperthermia (temperature >41°C) in the sepsis group.

TGas analysis data not available due to malfunction of the analyzer.

Cerebral microdialysis showed unchanged lactate/pyruvate
ratio in both groups (Fig. 1, A and B). Brain glucose was similar
between groups during the study period but the brain/serum
glucose ratio was higher after 6 h of sepsis and until the end of
the study period in the sepsis group as compared with sham
(Fig. 1, C and D). Glutamate and glutamine were also evaluated
in the extracellular space by microdialysis. Extracellular glu-
tamine was markedly elevated in the sepsis group, whereas MD
glutamate did not change during the study period or between
groups (Fig. 1, E and F). Thus, the extracellular profile of the
brain during the study period indicated a preserved metabolic
function with potentially increased glutamate-glutamine cycle,
with efficiently controlled extracellular levels of glutamate.

The analysis of the brain tissue demonstrated significant
increase of glutamate and glutamine in the septic group (Fig. 2).
Average 4-HNE levels were also increased in the septic group
indicating the presence of oxidative stress in the tissue (Fig. 3).
Moreover, tissue levels of the enzyme glutamine-synthetase
were also elevated in sepsis as compared to control (Fig. 4).

Together with findings of similar levels of c-Fos in the two
groups, there is evidence of increased activity of the glutamate/
glutamine cycle with unchanged neuronal activity (Fig. 5).

DISCUSSION

In this study, we used an experimental model of sepsis to
describe the effects of severe peritonitis in brain metabolism.
The key finding of this study was that sepsis is associated with
increased activity of the glutamate/glutamine cycle and
increased glucose utilization by the brain. However, we could
not identify presence of decompensate energy metabolism or
excessive neuronal activity.

In our study we used a swine model of fluid-resuscitated
sepsis. Despite interspecies differences of sepsis development
and brain injury between swines and humans, similarities in
inflammatory profiles and responses have been shown (13).
This model has also been shown to induce marked hemody-
namic and systemic inflammatory alterations (14). Different
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Cerebral microdialysis showing evolution in extracellular pyruvate (A), lactate/pyruvate ratio (LPR, B), glucose (C), brain/serum glucose

ratio (D), glutamate (E), and glutamine (F) in the septic (n =7, square) and sham (n =5, triangle) animals. Data are presented as mean + SD. Analysis of
variance (ANOVA) for brain/serum glucose ratio: P< 0.001 and ANOVA for glutamine: P< 0.001. P value of <0.05 vs. sham is represented by ~ and P value of
<0.001 is represented by ™, with post hoc Bonferroni correction. ANOVA was nonsignificant for cerebral pyruvate, LPR, glucose, and glutamate.

than previous studies from our group and others (10, 14, 15), the
animals in the present investigation did not evolve with shock,
what may be due to the fluid resuscitation or the amount of
septic stimuli. This allowed us to investigate early changes in
brain function in the absence of severe hypotension. Septic
animals developed a hyperdynamic state with tachycardia and
increased cardiac output, with a relative reduction of mean
arterial pressure and cerebral perfusion pressure. Increased
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arterial lactate levels further reinforce the severity of sepsis.
However, animals in either group had altered base excess
levels, PaO,/FiO, ratios or refractory hypotension suggesting
our model did not reflect severe septic shock states.

Cerebral multimodal monitoring with microdialysis and
brain oxygenation has recently been studied in combination
with microcirculation in animal models of sepsis (10, 15).
Although microdialysis allows for intermittent analysis of brain
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Fiac. 2. Markers of glutamatergic neurotransmission in the frontal cortex of animals with sepsis. Brain tissue was obtained after 24 h of sepsis
onset or after death. Effects of sepsis on glutamate (A) and glutamine (B). The statistical significance is expressed as ‘P < 0.05 and “P < 0.001; n=7 (sepsis)

and n=5 (sham).
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Fic. 3. Oxidative stress in the frontal cortex of animals with sepsis.
Oxidative stress was assessed by western blotting for 4-hydroxynonenal, a
product of lipid peroxidation that binds covalently to proteins used as marker of
tissue oxidative damage. Optical density of the immunoreactive bands were

quantified and expressed as a ration against actin, used as a loading control of
the assay.

tissue, it should be stressed that its evaluation is limited to
extracellular levels of metabolites in a limited focal area.
Results showed that, although cortical microcirculatory
impairment occurred earlier, brain metabolic distress (high
LPR) and tissue hypoxia (low PbtO2) developed mostly during
shock. The authors suggested that refractory hypotension and,
potentially, cerebral hypoperfusion are critical factors in the
development of anaerobic metabolism in the septic brain (10).
Acute brain dysfunction, however, develops early and indepen-
dent of hypotension in patients with sepsis (3). Our results
demonstrated that, in the absence of overt shock, brain energy
metabolism seems to be compensated. Although extracellular
LPR and glucose are similar in the two groups, the brain/serum
glucose ratios differ. This finding indicates that compensatory
mechanisms, such as increased glucose uptake, must be under-
way to maintain metabolic balance. FDG-PET data on brain
glucose metabolism in sepsis show conflicting results. When
PET was performed in a mice model of sepsis induced by LPS,
glucose uptake was reduced in some areas of the brain and
preserved in others (16). These findings were concomitant with
neuroinflammation and reduced cerebral blood flow. However,
the study findings are limited by the low severity of LPS-
induced systemic changes of the septic animals. In contrast,
more recent data show convincing evidence that glucose uptake
is increased in the brain during sepsis. This is also in accor-
dance with findings that suggest that glycolytic pathways are
activated in neuroinflammation (17, 18). The increased uptake
of glucose by the brain may explain similar brain glucose and
LPR levels found in septic animals in the presence of lower
systemic glucose.

In addition to compensated parameters of brain metabolism,
cerebral microdialysis showed unchanged levels of glutamate
and elevated levels of glutamine starting after 6 h of sepsis
induction. In a similar model of sepsis, high extracellular
glutamate only developed with mean arterial pressure lower

KURrTZ ET AL.

than 65 mmHg, suggesting ischemia as the main determinant
(10). As the major neurotransmitter of the brain, glutamate is
intimately related to its energy metabolism, comprising up to
80% of synaptic input. The glutamate—glutamine cycle com-
prises the transfer of glutamate from neurons to astrocytes and
the corresponding return of glutamine from astrocytes to
neurons (19). Glutamine synthetase converts glutamate, taken
up from the synaptic cleft, to glutamine in an ATP-dependent
process (20) undergone in the astrocyte (7, 21) (Fig. 6). Our
findings of increased extracellular glutamine with unchanged
extracellular glutamate may be interpreted as an exacerbated
glutamate—glutamine cycle, with preserved and tightly regu-
lated mechanisms of glutamate uptake (7).

In line with the hypotheses that this cycle is exacerbated in
septic animals, analyses of brain tissue homogenates showed
elevated levels of glutamate and glutamine (Fig. 2), as well as
increased levels of glutamine synthetase (Fig. 4). Glutamate
production can result from uptake and recycle as well as be
stimulated by neuroinflammation (6). Increased glutamine
synthetase activity has been shown to be protective in experi-
mental models of stroke and its inhibition enhances release of
inflammatory mediators of LPS-activated microglia (7, 21).
Our concomitant findings of increased glutamate—glutamine
cycle and somewhat higher 4-HNE levels could indicate an
exacerbated excitatory neurotransmission, potentially excito-
toxicity, associated with brain oxidative stress (11). However,
c-Fos levels were unchanged in the brain tissue of septic and
sham animals (Fig. 5). One potential explanation for the
presence of increased glutamate—glutamine cycle with unal-
tered neurotransmission would be a global synaptic deficit
observed in experimental sepsis (22). This reduction is proba-
bly a consequence of microglia activation and production of IL-
1B and may be an underlying mechanism related to acute brain
dysfunction and cognitive impairment after sepsis. Increased
glutamine synthetase activity may also play a protective role
avoiding harmful glutamate levels in the extracellular space and
consequent excitotoxicity. We also observed signs of brain

Frontal Cortex

2.5 *
2.0

1.5

1.04

GS levels (a.u.)

0.54

Cor:trol Sepsis

Sepsis Control KDa

1 ]L ]
k L _ -50

s koa) o5 L. W s o o SR
(42 KDa) Actin — ':ﬁ! a7
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Fic. 5. Markers of excitotoxicity. Inmunodetection (western blotting) for c-Fos (and actin) in brain tissue of the frontal cortex of the animals.

oxidative stress as shown by the increased content of brain 4-
HNE in the septic animals (Fig. 3). It has been shown in
different experimental models of sepsis that early oxidative
stress, a molecular marker of inflammation in sepsis, is associ-
ated with innumerous neuropathologies and with cognitive
impairment in survivors (11, 23).

Glutamate has an essential role in the neurometabolic coupling
of the brain by acting on astrocytes. Although it has not been
shown in sepsis, increased glutamatergic activity produces a shift
of glucose utilization toward astrocytes (24) and triggers aerobic
glycolysis as a mean to produce energy and provide substrates,

Neuron

such as pyruvate and lactate, to neurons, where they are oxidized to
produce ATP (6). Glutamate, however, is mainly converted to
glutamine by glutamine synthetase at the expense of 1 ATP. This
cycle allows a large proportion of glutamate to be recycled to
neuronal terminals to replenish the glutamate vesicular pool (19,
25, 26), what puts an energetic burden on astrocytes, resulting in a
decrease in ATP content. These higher metabolic demand and
energy requirements, in the context of sepsis, may lead to
increased vulnerability. In this setting, oxidative stress, mitochon-
drial dysfunction, and decreased ATP synthesis (9, 11) may lead to
neuroenergetic failure and acute brain dysfunction (5).
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Fic. 6. Summary of the main findings. This figure highlights the involvement of glutamate and p-serine as coagonists of the N-methyl-p-aspartate receptor
(NMDAr) in the process of excitotoxicity related to sepsis-associated encephalopathy. Glutamate and glutamine concentrations are increased in the brain tissue of
septic animals suggesting increased glutamatergic activity.
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Our findings, although preliminary, may have clinical impli-
cations. The compensated brain metabolism in our study, dem-
onstrated by normal LPR and brain glucose in the absence of
significant hypotension, reinforces the potential role of brain
perfusion in the development of acute brain dysfunction, whose
markers include metabolic distress and brain tissue hypoxia
during septic shock. Combined with findings of microcirculatory
impairment and altered cerebral autoregulation, it is likely that
systemic hemodynamics has an impact on sepsis-associated
brain dysfunction. Thus, depending on autoregulatory status,
individualized mean arterial pressure targets could prevent brain
hypoperfusion and mitigate brain dysfunction. As invasive brain
monitoring cannot be advocated in patients with sepsis, clinical
studies should evaluate noninvasive biomarkers of brain dys-
function, such as the impact of EEG changes, transcranial
Doppler, and tissue oximetry on functional outcomes.

Our study has some limitations. First, the comparison between
our model and early clinical sepsis may be partially limited
because fluid resuscitation started at induction of sepsis and the
animals were not treated with antibiotics. However, this design
allowed us to study the impact of sepsis without the effects of
hypotension on the brain. Second, our study was not randomized.
To minimize bias, we alternated inclusion of animals in the sepsis
and control groups. Third, we did not assess important param-
eters of brain function, such as EEG, tissue oxygenation, or
regional blood flow. Thus, we cannot extrapolate the impact of
our findings on these variables. Fourth, the surgical procedure
and anesthesia induction may impact the brain’s inflammatory
response and sedatives/opiates have been associated with acute
brain dysfunction in sepsis. However, we demonstrated signifi-
cant differences between the sepsis and sham group. Fifth, for
surgical and technical reasons we were not able to study intact
tissue from sites of the brain other than the cortex. It is well
described that the hippocampus may be more vulnerable to
oxidative stress and inflammation than the cortex. Finally,
animals were observed for a maximum period of 24h which
limited our conclusions about the development of later changes
in brain function and longer term consequences of sepsis.

CONCLUSIONS

In this animal model of resuscitated sepsis, we demonstrate
increased oxidative stress and alterations in neuroenergetics
characterized by exacerbated activity of the glutamate/glutamine
cycle and increased glucose utilization by the brain, however
without any evidence of decompensated energy metabolism.
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