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Abstract
Background Cerebral mitochondrial dysfunction is prominent in the pathophysiology of severe bacterial meningitis. In the

present study, we hypothesize that the metabolic changes seen after intracisternal lipopolysaccharide (LPS) injection in a

piglet model of meningitis is compatible with mitochondrial dysfunction and resembles the metabolic patterns seen in

patients with bacterial meningitis.

Methods Eight pigs received LPS injection in cisterna magna, and four pigs received NaCl in cisterna magna as a control.

Biochemical variables related to energy metabolism were monitored by intracerebral microdialysis technique and included

interstitial glucose, lactate, pyruvate, glutamate, and glycerol. The intracranial pressure (ICP) and brain tissue oxygen tension

(PbtO2) were also monitored along with physiological variables including mean arterial pressure, blood glucose, lactate, and

partial pressure of O2 and CO2. Pigs were monitored for 60 min at baseline and 240 min after LPS/NaCl injection.

Results After LPS injection, a significant increase in cerebral lactate/pyruvate ratio (LPR) compared to control group was

registered (p = 0.01). This increase was due to a significant increased lactate with stable and normal values of pyruvate.

No significant change in PbtO2 or ICP was registered. No changes in physiological variables were observed.

Conclusions The metabolic changes after intracisternal LPS injection is compatible with disturbance in the oxidative

metabolism and partly due to mitochondrial dysfunction with increasing cerebral LPR due to increased lactate and normal

pyruvate, PbtO2, and ICP. The metabolic pattern resembles the one observed in patients with bacterial meningitis.

Metabolic monitoring in these patients is feasible to monitor for cerebral metabolic derangements otherwise missed by

conventional intensive care monitoring.
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Introduction

Despite declining incidence over the last two decades,

acquired bacterial meningitis remains a devastating disease

with a mortality as high as 25% and neurological morbidity

as high as 50% despite critical care therapy and introduc-

tion of adjunct anti-inflammatory drugs [1, 2].

The pathophysiological mechanism of bacterial menin-

gitis is complex and involves inflammation, vasculitis with

intravascular coagulation, metabolic failure, and disruption

of the blood–brain–barrier (BBB) leading to cerebral

edema and cellular necrosis—all factors that contributes to

poor cerebral outcome [3–6].
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Antibiotics are obviously the cornerstone in the treat-

ment of bacterial meningitis. Dexamethasone has been

introduced as the only adjunctive therapy for bacterial

meningitis and has been shown to reduce short-term neu-

rological complications [7]. Despite this, the risk of neu-

rological sequelae remains high after bacterial meningitis

[8].

The mitochondria are essential for aerobic metabolism

and obtaining cellular homeostasis. Consequently, dys-

functional mitochondria may lead to cellular energy crisis,

loss of cell homeostasis, and cell death. It has been shown

that mitochondrial dysfunction indeed plays a role in the

pathogenesis of bacterial meningitis [9].

Recently, it has been shown that cerebral metabolic

derangements are common in bacterial meningitis and that

these episodes might occur independently from increased

intracranial pressure (ICP) and perturbations in other

physiological parameters [10]. In fact, it was suggested that

some of these episodes were due to mitochondrial dys-

function. It is likely that the derangements contribute to the

ultimate outcome and neurological sequelae. Hence, criti-

cal care of patients with bacterial meningitis should include

focus on identifying patients with cerebral metabolic dis-

turbance. Accordingly, experimental translational models

mimicking the cerebral metabolism of bacterial meningitis

are important to identify the various cerebral metabolic

patterns associated with meningitis.

Lipopolysaccharide (LPS) is a potent endotoxin that has

been shown to induce disruption of the BBB, cerebral

edema, and metabolic changes [11–18]. In the present

study of experimental meningitis, we evaluate the meta-

bolic response to intracisternal LPS injection as a model of

bacterial meningitis. The cerebral metabolism is evaluated

by monitoring of chemical variables related to energy

metabolism obtained by microdialysis technique. We

hypothesize that the changes in cerebral energy metabolism

induced by LPS injection resembles the metabolic changes

observed during cerebral mitochondrial dysfunction.

Further, we propose that the results from the present

study can be directly translated to the bedside in the critical

care of patients with bacterial meningitis.

Materials and Methods

All experiments were approved by the local ethics com-

mittee and carried out in accordance with the Danish

‘‘Animal Experiment Inspectorate’’ (Dyreforsøgstilsynet)

and the ARRIVE guidelines. The chosen model has pre-

viously been established in a study focusing on brain

edema caused by LPS injection [16].

Animals and Anesthesia

Twelve female piglets (Danish Landrace) approximately

4 months old weighing 41.4 ± 3.7 kg were included in the

study. All animals had free access to water, but were

deprived of food for 24 h before the start of the experi-

ments. Sedation was achieved with a mixture of medeto-

midine 0.05 mg/kg, midazolam 0.25 mg/kg, and atropine

0.25 mg/kg. Anesthetics used were midazolam 0.625 mg/

kg and ketamine 12.5 mg/kg and maintained by infusion of

fentanyl 5 lg/kg/time and midazolam 5 mg/kg/h. The

animals were intubated and ventilated with a tidal volume

of 10 L/kg with a FiO2 of 0.3. A continuous infusion of

5 ml/kg/h isotonic glucose 2.5% intravenously (i.v.) kept

blood glucose within physiological range. PaCO2 was kept

between 4–6 kPa and body temperature around 38.5 �C by

heating blanket.

Surgical Procedures

The surgical procedures were performed under sterile

conditions. With the pig in supine position, the femoral

arteries on left side were catheterized for arterial blood

pressure monitoring and blood gas analysis. With the ani-

mal in prone position, the skull was exposed from 2 cm

below eyelevel to the arc of C1. The atlanto-occipital

membrane was exposed for injection of LPS or NaCl into

the cisterna magna. Two burr-holes were placed

parasagittal in the parietal lobe behind the coronal suture

and intraparenchymal microdialysis (CMA 70, Microdial-

ysis AB, Sweden), and Licox� probe (CCISB, Integra

Neurosciences Ltd., Plainsboro, New Jersey, USA) for

brain tissue oxygen tension (PbtO2) monitoring was

implanted.

Through a right side frontal burr-hole, a Camino�

catheter (Integra Neurosciences Ltd.) was implanted for

ICP monitoring. ICP data from one animal was discarded

due to technical issues.

Monitoring

Temperature, mean artery pressure, ICP, and PbtO2 were

monitored continuously and registered every 10 min.

Microdialysis catheters were perfused with artificial cere-

brospinal fluid by a rate of 0.3 ll/min (CMA 106 MD

pump, Microdialysis AB, Sweden). Dialysate was collected

in capped microvials and analyzed every 30 min on Iscus

Flex Analyzer (Microdialysis AB, Sweden) for glucose,

glutamate, glycerol, lactate, and pyruvate. Arterial blood

gas was registered at baseline and after LPS or NaCl

injection.
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Eight pigs were included in the LPS group and received

injection with LPS (lipopolysaccharides from Escherichia

coli 0111:B4, L5293 Sigma-Aldrich, lot#025M4091V) 200

or 400 lg dissolved in vehicle (0.2 ml isotone NaCl) into the

cisterna magna through the atlanto-occipital membrane. A

lumbar needle was inserted into the cisterna magna, and

0.6 ml cerebrospinal fluid (CSF) was extracted; then, 0.2 ml

LPSwas injected followed by injection of 0.4 ml CSF. Thus,

there was no net change in injected volume. Two different

doses of LPS were used. The first 4 animals were used as

pilots to investigate whether there was a dose effect of LPS

on cerebral metabolism. However, both concentrations

showed quantitative identical metabolic patterns. Thus, the

data were pooled and subsequent experiments were con-

ducted with the lower concentration (200 lg).
Four animals were included in the control group. In this

group, the same procedure as above was followed with the

exception that no LPS was added to the vehicle. Hence,

only isotonic NaCl was injected.

By the end of the experiments, the animals were euth-

anized by an injection of 200 mg/ml sodium pentobarbital

in concentrated ethanol.

Course of Experiment

Once stable variables were obtained, a 60-min baseline

(designated ‘‘baseline’’) was established. Then, either LPS

or NaCl was injected in the cisterna magna and the animal

was monitored for 240 min hereafter (designated ‘‘experi-

mental period’’) with no interventions in this time period.

Statistics

Results are displayed as mean ± SD. Paired t test was used

to compare means between baseline and experimental

period. Differences between LPS and NaCl groups were

explored utilizing a mixed effect model for repeated

Table 1 Mean values ± SD for

physiological variables during

baseline and experimental

period for the LPS group and

NaCl group, respectively

Variable LPS group NaCl group

Baseline Experimental period Baseline Experimental period

MAP (mmHg) 73 ± 12 83 ± 18 78 ± 11 71 ± 10

PaCO2 (kPa) 5.8 ± 0.6 6.8 ± 1.3 5.7 ± 1.1 6.5 ± 1.2

PaO2 (kPa) 22 ± 3 20 ± 4 22 ± 5 34 ± 6*

B-lactate (mmol/L) 0.8 ± 0.2 1.4 ± 0.9 0.9 ± 0.2 0.6 ± 0.1

B-glucose (mmol/L) 7.3 ± 1.9 7.5 ± 3.4 9.3 ± 2.1 9.1 ± 0.6

LPS lipopolysaccharide,MAP mean arterial pressure, PaCO2 arterial partial pressure of CO2, PaO2 arterial

partial pressure of O2

*p = 0.0057. The mean values were calculated as the mean of all time points within the period

Table 2 Mean values ± SD for

microdialysis variables, brain

tissue oxygen tension (PbtO2),

and intracranial pressure (ICP)

Variable LPS group NaCl group

Baseline Experimental period Baseline Experimental period

Glucose (mmol/L) 3.1 ± 1.2 1.7 ± 1.5� 3.3 ± 1.4 2.7 ± 1.3

Lactate (mmol/L) 2.3 ± 1.0 4.0 ± 2.0*� 1.8 ± 0.4 1.8 ± 0.4

Pyruvate (lmol/L) 168 ± 117 157 ± 127 118 ± 27 121 ± 31

LP ratio 19 ± 9 48 ± 52*� 16 ± 4 16 ± 2

Glycerol (mmol/L) 38 ± 24 78 ± 69*� 52 ± 23 45 ± 13

Glutamate (lmol/L) 30 ± 46 32 ± 53 9 ± 7 6 ± 2

PbtO2 (mmHg) 16 ± 4 17 ± 11 36 ± 4 38 ± 5

ICP (mmHg) 9 ± 3 13 ± 6* 6 ± 4 11 ± 6*

ICP intracranial pressure, PbtO2 brain tissue oxygen tension, LP ratio interstitial lactate and pyruvate ratio,

LPS lipopolysaccharide

*p\ 0.05 in comparison with baseline. �p\ 0.05 in comparison with NaCl group during the experimental

period. The mean values were calculated as the mean of all time points within the period
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measurements with each individual animal as fixed effect

and time and group as random effect. Data were analyzed

using STATA 11.2 (College Station, TX, USA). A p value

\ 0.05 was considered statistically significant.

Results

Physiological variables for baseline and experimental per-

iod, respectively, are shown in Table 1. Except for PaO2,

there were no differences between the groups in either time

period. However, in the NaCl group the PaO2 was signifi-

cantly higher during the experimental period.

Table 2 shows mean values for microdialysis variables,

PbtO2, and ICP during baseline and experimental period,

respectively. All baseline values were within normal limits

[19]. After injection of LPS, interstitial glucose in the LPS

group showed a slight but significant decrease (Table 2)

from 3.1 ± 1.2 to 1.7 ± 1.5 mmol/L during baseline and

experimental period, respectively. This decrease was not

observed in the control group, and glucose in the LPS

group was significantly lower after LPS injection

(p\ 0.001). However, glucose remained within normal

limits in both groups [19]. Interstitial lactate increased

significantly from baseline after LPS injection from

2.3 ± 1.0 to 4.0 ± 2.0 mmol/L during the experimental

period, whereas interstitial pyruvate remained stable and

within normal values (Table 2, Fig. 1). The marked

increase in lactate elicited a significant increase in LP ratio

after LPS (Table 2, Figs. 2, 4) from 19 ± 9 during baseline

to 48 ± 52 during experimental period. No change in LP

ratio was observed in the control group. Also, compared to

the control group both lactate and LP ratio increased

significantly in the LPS group during the experimental

period (p\ 0.001 and p = 0.01, respectively).

Glycerol exhibited an increased tendency after LPS

injection in the LPS group and was also markedly elevated

above the NaCl group after LPS injection (p\ 0.001)

(Table 2, Suppl. Figure 1). No changes in glutamate in

either group were observed after LPS injection (Table 2,

Suppl. Figure 1).

A temporary increase in PbtO2 was observed immedi-

ately after LPS injection (Fig. 2). The PbtO2 then returned

to baseline after approximately 1.5 h. Overall, neither

group showed any significant change in PbtO2 after LPS or

NaCl injection (Table 2). There was a significant differ-

ence in baseline PbtO2 between the two groups (Table 2).
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Fig. 1 Time course of the interstitial lactate and pyruvate concentra-

tion at baseline (0–60 min) and after LPS injection (60–300 min).

Note the marked increase in lactate concentration after LPS injection

paralleled by a slight increase in the pyruvate with subsequent

decrease to sub-baseline but within normal limits [19]
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Fig. 2 Time course of the brain tissue oxygen tension (PbtO2) and

interstitial lactate/pyruvate ratio (LP ratio) during baseline

(0–60 min) and after LPS injection (60–300 min). Note the temporary

increase in PbtO2 with subsequent return to baseline and the marked

increase in LP ratio after LPS injection
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Fig. 3 Intracranial pressure (ICP) during baseline (0–60 min) and

after LPS or NaCl injection (60–300 min) in the LPS and control

group, respectively. Note the parallel increase without any significant

difference between the groups
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However, when correcting for this there were no significant

differences between the groups.

In both groups, ICP tended to increase after treatment

(Table 2, Fig. 3). The increase in the LPS group was more

pronounced than in the control group but did not reach

statistical significance (p = 0.08). Also, the changes were

modest and ICP remained within normal values throughout

the study.

Discussion

The present study describes the cerebral changes in the

biochemical variables related to cerebral metabolism after

LPS-induced meningitis in a translational model. Refer-

ence levels for the biochemical markers of metabolism

have been established in humans [19]. These values are

widely accepted as applicable to pig models and hence

used for reference in the present paper.

The balance between interstitial lactate and pyruvate

(LP ratio) reflects the redox state in the cellular interstitial

space and is determined by the oxygen availability and

oxidative metabolism, i.e., mitochondrial function.

Cerebral Metabolism and Oxygen Tension

In the present study, intrathecal injection of LPS caused a

significant increase in LP ratio (Fig. 2). This increase was

not observed in the control group (Fig. 4). The increase

was due to a marked increase in lactate with a normal level

of pyruvate (Fig. 1). The increase in lactate levels with

normal levels of pyruvate was not observed in the control

group where LP ratio, lactate, and pyruvate remained

stable (Table 2, Fig. 4). Glucose showed a slightly

decreasing tendency in the LPS group, but values remained

within normal limits (Table 2).

In recent years, the changes in biochemical substances

related to energy metabolism during mitochondrial dys-

function have been elaborated in both the experimental and

clinical setting [20–24]. In brief, the metabolic pattern of

mitochondrial dysfunction is characterized by increased LP

ratio with marked increased lactate and normal or elevated

levels of pyruvate. Further, it is distinguished from ische-

mia by normal levels of pyruvate. This metabolic pattern is

similar to the one observed in the present study. The

decrease in glucose is interpreted as a compensatory

hyperglycolysis to increase the ATP generation through

anaerobic metabolism.

In both groups, PbtO2 remained stable after LPS or NaCl

injection compared to baseline (Table 2, Fig. 2). PbtO2

primarily reflects the product of CBF and arteriovenous

oxygen difference [25]. Thus, no signs of decreased blood

flow or oxygen delivery were observed. This supports the

conclusion of non-ischemic metabolic derangement. We

found a marked difference in PbtO2 between the groups.

The normal level of brain tissue oxygen tension is variable

and reported as low as 5 mmHg in white matter of healthy

subjects [26]. Further, we have previously reported that the

lower threshold for PbtO2 under which the cerebral meta-

bolism is jeopardized can be as low as 10 mmHg [27]. This

point is illustrated in our results as the lower baseline

values for PbtO2 in the LPS group was accompanied by

normal metabolism and LP ratio (Table 2).

Two studies have focused on cerebral metabolic changes

after cisternal LPS injection in animal models [16, 28]. In

the study by Jungner et al., they did not find any change in

LP ratio after LPS injection. On the other hand, Gärdenfors

et al. found a significant increase in LP ratio due to a

marked increase in lactate and normal pyruvate levels after

LPS injection [16] in accordance with our results.

The impact of LPS on cerebral mitochondrial function

has been studied in detail. It has been proposed that LPS

exerts its effect on the mitochondria through an inflam-

mation-induced oxidative stress on the mitochondrial

membrane potential and complex activity [13–15, 29]. The

action is thought to be mediated through nitric oxide and is

rapid in onset after LPS administration [15]. In the present

experiment, the signs of mitochondrial dysfunction were

observed approximately 1 h after LPS injection (Fig. 2). In

this context, we propose that the observed metabolic

changes observed in response to intrathecal LPS injection

are due to mitochondrial dysfunction.

Glutamate is considered a robust marker of energy

failure as elevated interstitial glutamate indicates that

metabolic rate is insufficient to ensure glutamate reuptake

from the synaptic cleft [30]. In the present study, baseline

glutamate was somewhat higher in the LPS group than in

LPS injection
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Fig. 4 Lactate/pyruvate at baseline (0–60 min) and after LPS or NaCl

injection in the LPS and control group, respectively. The p-value for

the difference between the groups after LPS/NaCl injection is also

depicted
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the NaCl group (Table 2, Suppl. Figure 1). However, in

both groups glutamate remained stable after LPS or NaCl

injection. In LPS group, this observation indicates that the

anaerobic metabolism was sufficient to obtain cell

homeostasis.

Cell damage and subsequent membrane degradation and

cell death increase the interstitial glycerol levels [31, 32].

In the present series, a slight yet significant increase in

glycerol was observed (Table 2, Suppl. Figure 1). How-

ever, the values remained within normal levels. Hence, our

data do not support that LPS injection leads to cell damage

in the present series.

Immune Response to LPS

Intrathecal injection of LPS elicits a marked immune

response with invasion of immune cells into the neuronal

tissue [16]. Further, it has been shown that LPS suppresses

the oxidative metabolism in macrophages and switches

their metabolism toward glycolysis [33, 34]. Hence, the

observed increase in LP ratio might also arise from

hyperglycolytic immune cells. This contribution to the

increase in LP ratio cannot be distinguished from the

contribution from mitochondrial dysfunction in our study.

However, in the original characterization of the present

model the immune cells gathered in the subarachnoid space

on the cortex as a response to LPS injection [16]. As the

microdialysis probes sit in the white matter and only collect

interstitial fluid from a few mm3 of tissue, we consider it

likely that the chemical substances harvested by the

microdialysis probe primarily reflect the metabolism of

glial cells and neurons and to a lesser degree immune cells.

The ratio of glial cells to neurons in white matter is about

2–4 and outnumbers other cell types [35]. Hence, the

metabolic pattern most likely primarily represents the

metabolism of these two cell types.

Besides eliciting a marked immune response and

affecting the neuronal and glial tissue, it has been shown

that LPS also impairs the mitochondrial function of the

endothelial cells, thereby disturbing the integrity of the

tight junctions causing disruption of the BBB [11, 16, 36].

This leads to cerebral edema and potentially increased

intracranial pressure and decreasing perfusion pressure.

Intracranial Pressure

In both groups, the ICP had an increasing tendency over time

with a tendency toward a more pronounced increase in the

LPS group (Fig. 3). However, in both groups the ICP

remained within normal limits and there was no significant

difference between the groups. Others have reported a

moderate increase in ICP after cisternal LPS injection

[16, 28] and a slight increase after NaCl injection [16]. The

observed increase in ICP in the NaCl group after 200 min

might be due to increased stress response during the end of

the experiment combined with higher infusion rate of 2.5%

glucose i.v. leading to higher blood glucose levels (Table 1).

Hence, signs of mitochondrial dysfunction can occur inde-

pendent of the intracranial pressure. This view is supported

by clinical data. In one study, metabolic signs of mitochon-

drial dysfunction were observed with normal ICP [10]. In

another study on bacterial meningitis, ICP was increased in

only approximately one-third of critical care patients [37] but

was associated with a worse outcome. Accordingly, meta-

bolic disturbances and potential energy failure might be

missed with conventional monitoring of intracranial pres-

sure and perfusion pressure in the critical care setting.

Clinical Implications

In a clinical study of 15 patients with bacterial meningitis

published by our group, we found that one-third of the

patients exhibited signs of cerebral metabolism identical to

the pattern found in the present study [10]. Consequently,

we propose that the model used in the present paper pos-

sesses translational properties necessary for evaluating the

effect of intensive care treatment.

In summary, the metabolic picture presented in this paper

is compatible with LPS-induced disturbance in oxidative

metabolism that might in turn be contributed to mitochon-

drial dysfunction without severe energy failure leading to

significant cell death. The latter should be interpreted in the

light of the very controlled conditions under which the pre-

sent experiments were conducted. In a clinical setting, the

patient might be faced with systemic stress and systemic

inflammatory response syndrome that further burdens the

cerebral metabolism, and under these conditions, the meta-

bolic rate might not be adequate to meet the metabolic

demands. Hence, cell death might occur leading to neuro-

logical sequelae.We propose that disturbance in the cerebral

oxidative metabolism is common after bacterial meningitis

and, in part, due to mitochondrial dysfunction but does not

always contribute to neuronal death. However, the distur-

bance renders the tissuemore vulnerable to furthermetabolic

stress. Consequently, critical care of patients withmeningitis

should focus not only on intracranial pressure and perfusion

pressure monitoring as these variables do not reflect the

metabolic state of the tissue. We propose that monitoring

cerebral metabolism in critical care patients with meningitis

will optimize the critical care by directly monitoring the

metabolic adverse effect of systemic metabolic stress and

episodes of hypotension, hypoxia, and intracranial hyper-

tension. Further, metabolic monitoring might open possi-

bilities for monitoring effects of treatments directed toward

ameliorating oxidative stress, thereby preserving mito-

chondrial function [38].
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Limitations

The present study only represents the metabolic changes

after LPS-induced BBB disruption and inflammation. In

the clinical setting, bacterial meningitis most likely induces

a much more widespread response due to the inflammatory

reaction toward other bacterial proteins. Hence, the

pathophysiological mechanisms are probably much more

complex and widespread than presented in this study.

As we did not perform in vitro studies of the mito-

chondrial function, the present study cannot elaborate on

the exact mechanism of mitochondrial malfunction. Hence,

the term ‘‘mitochondrial dysfunction’’ should be inter-

preted in its broadest view, signifying the inability of the

mitochondrial oxidative metabolism to meet the metabolic

demands of the tissue. Further, the present study does not

clarify which cell types exhibit mitochondrial dysfunction.

As discussed, activated immune cells might contribute to

the metabolic pattern observed in the present study.

Conclusions

The metabolic response to intracisternal LPS injection

mimics the metabolic changes observed during severe bac-

terial meningitis in the clinical setting. The metabolic

changes are compatible with disturbances in the oxidative

metabolism and partly due to mitochondrial dysfunction.

The metabolic derangement can be observed in the absence

of perturbations in conventional neuromonitoring, i.e.,

cerebral perfusion pressure and intracranial pressure. We

propose that cerebral metabolic monitoring should be

included in the monitoring of critically ill patients suffering

from bacterial meningitis to optimize the intensive care and

to monitor response to future treatment trials for severe

bacterial meningitis.
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