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ABSTRACT. Excitatory amino acids are increasingly im-
plicated in the pathogenesis of neuronal injury induced by
a variety of CNS insults, such as ischemia, trauma, hypo-
glycemia, and epilepsy. Little is known about the role of
amino acids in causing CNS injury in bacterial meningitis.
Several amino acids were measured in cerebrospinal fluid
and in microdialysis samples from the interstitial fluid of
the frontal cortex in a rabbit model of pneumoccocal men-
ingitis. Cerbrospinal fluid concentrations of glutamate, as-
partate, glycine, taurine, and alanine increased significantly
in infected animals. Among the amino acids with known
excitatory or inhibitory function, interstitial fluid concen-
trations of glutamate were significantly elevated (by 470%).
Alanine, a marker for anaerobic glycolysis, also increased
in the cortex of infected rabbits. The elevated glutamate
concentrations in the brain extracellular space suggest that
excitotoxic neuronal injury may play a role in bacterial
meningitis. (Pediatr Res 33: 510-513, 1993)

Abbreviations

CSF, cerebrospinal fluid
EAA, excitatory amino acid
cfu, colony-forming unit

EAA, physiologic neurotransmitters in the mammalian CNS,
are increasingly implicated in the pathogenesis of neuronal injury
induced by a variety of CNS insults, such as global and focal
ischemia, brain and spinal cord trauma, hypoglycemia, and
epilepsy (1-7). There is good evidence (8) that increased intersti-
tial concentrations of EAA produce neuronal damage and death
by mechanisms that appear to involve influx of calcium into
neurons through receptor-gated ion channels.

Neurologic sequelae develop in up to 30% of survivors of
bacterial meningitis and include hearing loss, learning disabili-
ties, focal deficits, and hydrocephalus (9, 10). The pathophysi-
ology of bacterial meningitis is characterized by several complex
events, including cerebral metabolic disturbances, brain edema,
intracranial hypertension, and alterations of cerebral blood flow
(11, 12). The molecular mechanisms of brain injury remain
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poorly understood. Cerebral blood flow studies in humans and
experimental animals with bacterial meningitis suggest that, after
an initial hyperemic phase (13), ischemia occurs under certain
circumstances and may contribute to the development of neu-
ronal injury (14-16). As with other forms of ischemia-induced
CNS injury it is conceivable that the harmful effects of ischemia
could be potentiated by EAA during meningitis.

A few studies have examined concentrations of amino acids
in CSF in bacterial meningitis. A first report in 1975 found
increased levels of glutamic acid, glutamine, and y-aminobutyric
acid in the CSF of patients with bacterial meningitis (17). Other
authors have also reported abnormal CSF concentrations of
amino acids, but the importance of these changes has not been
explored in detail (18-20). Importantly, it is not known whether
amino acid concentrations in the CSF reflect changes occurring
in the brain interstitial fluid, the medium relevant for the poten-
tial neurotoxicity of EAA. To test the hypothesis that changes in
amino acids may play a role in CNS injury during meningitis,
we measured in the present study brain interstitial fluid concen-
trations of several amino acids in a rabbit model of pneumoc-
cocal meningitis and determined whether changes similar to
those observed in the CSF during meningitis occur in the brain.
Interstitial fluid concentrations of amino acids were measured in
the cortex because of its proximity to the inflammation in the
subarachnoid space and because pathologic changes were pri-
marily found in the cortex in a recent histopathologic study in
rats with experimental pneumococcal meningitis (21).

MATERIALS AND METHODS

Model of experimental meningitis. Meningitis was produced
by intracisternal injection of 0.3 mL of saline containing an
inoculum of [ X 10%to 1 X 107 cfu of Streptococcus pneumoniae,
type 3, as described by Dacey and Sande (22). These studies were
approved by the Committee on Animal Research of the Univer-
sity of California San Francisco and followed the NIH Guidelines
Sor the Care and Use of Laboratory Animals. New Zealand White
rabbits (2.0 to 2.5 kg) were anesthetized by i.v. urethane (2.0 g/
kg 1.v.) for all procedures. Anesthesia was maintained by supple-
mental doses of urethane (0.5 g/kg i.v.). A polyethylene catheter
(PE-90) was inserted into the femoral artery for measurement of
blood pressure and blood sampling. A dental acrylic cap contain-
ing a turnbuckle was affixed to the outer table of cranial bone
by steel screws, which allowed immobilization of the animals in
a restraining frame. The cisterna magna was punctured with a
25-gauge, 3.5-inch spinal needle (Becton Dickinson & Co.,
Franklin Lake, NJ) for infecting animals and for sampling CSF.

Microdialysis probes (2-mm membrane tip length, bioanalyt-
ical Systems, West Lafayette, IN) were tested before implantation
by perfusion with sterile, artificial CSF (composition: 0.75%
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NadCl, 0.02% KCl, 0.015% CaCl,, and 0.019% MgCl, in filter-
sterilized distilled water) while suspended in a standard solution
of glutamate and lactate. Concentrations of the two molecules
in the effluent were compared with that in the standard solution
to assess the recovery rate for each probe. Extraction rates for
glutamate and lactate were very similar, and probes used in the
study had extraction rates for glutamate between 7 and 37%.

Probes were implanted in the left frontal cortex (coordinates:
4.0 mm anterior to the bregma, 4.0 mm lateral to the sagittal
suture, and 3.0 mm from the pial surface) using a micromanip-
ulator. After placement, the probes were affixed to the skull with
dental cement. Throughout the study, probes were perfused with
artificial CSF with use of a syringe pump (model 931, Harvard
Apparatus, Millis, MA) at a rate of 1.36 uLL/min. At the conclu-
sion of the study, rabbits were killed with a lethal dose of
pentobarbital (150 mg/kg i.v.), and a postmortem microdialysis
sample was collected to document the continued functioning of
the probe as evidenced by a massive increase in glutamate
concentrations. Evans blue dye was then pumped through the
probes to allow macroscopic confirmation of the correct anatom-
ical placement of the probes after removal of the brain.

Experimental protocol. After placement of the animals in the
frames and probe implantation, 0.3 mL of the pneumococcal
inoculum (n = 21) or 0.3 mL of sterile, nonbacteriostatic saline
(controls, n = 10) were administered intracisternally. Blood
samples for arterial lactate concentrations and for blood gases
were sampled at 0, 16, and 22 h and CSF samples (0.2 mL) were
obtained for amino acid concentrations, lactate concentrations,
bacterial titers, and white blood cell counts at 0 and 22 h. Blood
pressure was measured at 22 h before killing the animals. The
22-h time point was chosen as end point in this study because,
in our model, meningitis is fully developed by 20 to 24 h with
maximal CSF bacterial titers and leukocytosis, but animals are
not yet agonal and do not have seizures (15, 16). Fractions of
microdialysate (sampled during 1- to 2-h intervals) were collected
in polypropylene tubes for analysis throughout the experiment
and are reported as baseline and peak values derived from the
first and last two samples. The sample obtained during the Ist h
after implantation was discarded because of the known effect of
implantation injury on glutamate concentrations. CSF samples
were centrifuged after collection at 8000 X g for 5 min to remove
cellular elements, and CSF and microdialysis samples were then
frozen and kept at —70°C until analyzed. All amino acid concen-
trations remained stable in the biologic samples when kept at
—70°C for 2 mo, and samples were processed within that time
period, with the exception of aspartate, which consistently in-
creased during storage approximately 2-fold.

Experimental parameters. Bacterial titers in CSF were deter-
mined by serial 10-fold dilution of CSF in saline, after overnight
incubation on blood agar plates at 37°C in 5% CO,, and expressed
as logo cfu/mL. White blood cell counts in CSF were determined
in a Neubaur hemocytometer. CSF and blood concentrations of
lactate were measured immediately after sampling in a two-
channel autoanalyzer (YSI 2300 G/L, Yellow Springs Instrument
Co., Yellow Springs, OH). Glutamate, aspartate, asparagine,
serine, glycine, threonine, taurine, and alanine were measured in
the CSF and microdialysate by the following technique: amino
acids were derivatized with ortho-phtaldialdehyde and t-butyl
thiol, and then separated by HPLC (chromatograph HP 1090,
Hewlett Packard, Santa Clara, CA), using a Rainin, 3-um Micro-
sorb C18 reverse-phase analytical column (80-200-C3, Rainin
Instrument Co., Woburg, MA) with a flow rate of 1.0 mL/min
and a running time of 40 min. Mobile phase A consisted of 1%
tetrahydrofuran and 19% methanol in 0.05 M sodium acetate
buffer, pH 5.9, and mobile phase B consisted of 80% methanol
in 0.05 M sodium acetate, pH 5.9. Amino acids were detected
fluorometrically (detector HP 1046A, Hewlett Packard). Not all
peaks were mathematically analyzed. Microdialysis concentra-
tions of glutamate and serine (as a control amino acid without
neurotransmitter function) were analyzed in all animals; aspar-
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agine, glutamine, glycine, and threonine were analyzed in con-
secutive animals 6 to 21, and taurine and alanine were analyzed
in consecutive animals 6 to 14. These two subgroups of animals
were representative for the whole group based on the glutamate
concentrations in microdialysis fluid and on CSF parameters of
lactate, glucose, and bacterial titer. CSF glutamate concentrations
were determined for animals { to 8 and 16 to 21, whereas the
other CSF amino acids were analyzed in animals 8, 10, 11, 15,
16, and 18 to 21. These samples were chosen randomly, and no
obtained values were excluded from analysis.

Arterial blood gases were measured in a blood gas analyzer
(Radiometer ABL 2, Radiometer A/S, Copenhagen, Denmark).
Arterial pressure was measured with a water-filled pressure trans-
ducer (model P-23 XL, Gould Inc., Santa Clara, CA) and re-
corded on a multichannel polygraph (5/6 H Recorder, Gilson
Medical Electronics, Middleton, WI).

Statistical analysis. Data are expressed as mean =+ SD. Lactate
concentrations in CSF or blood, blood pressure, pH, HCO,, and
Pco, were analyzed by unpaired ¢ tests for comparison between
groups, by paired ¢ test for comparison between first and last
sample in the same group, and by linear regression analysis for
correlations between parameters. Amino acid concentrations in
CSF or microdialysate were analyzed by Wilcoxon signed-rank
test for comparison within the same group, by Mann-Whitney
rank-sum test for comparison between groups, and by linear
regression analysis for correlations with other parameters.

RESULTS

Characterization of experimental meningitis. We have used a
subset of the experimental animals reported in the present study
to examine lactate and glucose concentrations in serum, CSF,
and brain interstitial fluid during experimental pneumococcal
meningitis, and these results have been recently published (23).
Similar to the results in that report, infected animals in the
present study had high bacterial titers in the CSF (7.7 £ 1.1 logo
cfu/mL) and a pronounced CSF pleocytosis at 22 h of infection,
whereas control animals had sterile CSF cultures and normal
CSF leukocyte counts (23). No significant differences in mean
arterial blood pressure were observed at the end of the experiment
between meningitis and control groups (80.4 + 10.4 versus 73.3
+ 14.9 mm Hg), whereas arterial blood gases demonstrated a
mild metabolic acidosis in both infected and control animals
that was partially compensated by a respiratory alkalosis in the
infected animals but not the control animals (23). Lactate con-
centrations increased significantly in microdialysis fluid, CSF,
and serum during development of infection, whereas they re-
mained unchanged in control animals (23).

CSF amino acid concentrations. Amino acid concentrations
in the CSF were similar in the two groups at baseline and did
not show any significant changes between baseline and 22 h in
the control animals. In contrast, CSF concentrations of gluta-
mate, aspartate, glycine, taurine, and alanine increased signifi-
cantly at 22 h in infected animals (Table 1). Glutamate increased
10.7-fold compared with the baseline level, and the other amino
acids had increases between 42.9- (taurine) and 4.4- (alanine)
fold compared with their baseline level. Asparagine, serine, and
threonine did not change compared with baseline levels (Table
1). The increase in amino acids in the CSF during infection did
not appear to be the result of release from multiplying pneumo-
cocci in the CSF, inasmuch as in vitro growth of the organism in
CSF did not lead to a significant increase in any of the amino
acids (data not shown). At 22 h of infection, the only pairwise
correlation between absolute concentrations of amino acids in
CSF that reached statistical significance was observed for the two
EAA glutamate and aspartate (» = 0.92, p < 0.005).

Microdialysate amino acids concentrations. Absolute concen-
trations of the amino acids measured in the microdialysis fluid
are shown in Table 2. Glutamate was the only EAA elevated in
animals with meningitis at 22 h (p < 0.05, Table 2). When



512

Table 1. CSF concentrations (uM) of amino acids in rabbits
with pneumococcal meningitis

Time
(h) Mean SD
Glutamate (n = 14)* 0 7.89 3.96
22 84.42t 97.45
Aspartate (n = 8) 0 2.94 2.14
22 17.73% 234
Asparagine (n = 9) 0 8.90 1.72
22 12.14 5.50
Serine (n =9) 0 51.07 12.22
22 70.57 22.16
Glycine (n = 8) 0 13.39 5.19
22 249.3% 349.89
Threonine (n = 8) 0 75.25 26.95
22 120.15 45.64
Taurine (n = 9) 0 4,86 1.17
22 208.5% 345.61
Alanine (n =9) 0 30.63 5.75
22 136.0% 66.28

* n, number of animals.
+p < 0.01 (Wilcoxon signed-ranked test).
1 p < 0.05 (Wilcoxon signed-ranked test).

Table 2. Microdialysate concentrations (uM) of amino acids in
Srontal cortex of rabbits with pneumococcal meningitis and

controls
Oh 22 h

Mean SD Mean SD

Glutamate Meningitis (n = 21)* 082 047 29t 4.9
Control (n=9) 0.50 055 036 0.28
Aspartate  Meningitis (7 = 16) 0.30  0.21 047 046
Control (n=7) 0.13  0.14 027 045
Asparagine Meningitis (n = 16) 0.43 020 048 0.16
Control (n = 6) 036  0.20 034 0.23

Glutamine Meningitis (n = 16) 30.2 125 20.0 1.2

Control (n=7) 331 127 209 5.6

Serine Meningitis (7 = 21) 44 7.8 2.9 1.9

Control (n =9) 2.6 1.1 3.1 1.7

Glycine Meningitis (n = 16) 3.6 1.5 4.0 2.7

Control (n=7) 3.7 2.6 3.0 1.4

Threonine Meningitis (r = 16) 4.7 2.2 3.6 1.7

Control (n = 6) 4.9 2.3 39 1.2

Taurine Meningitis (n = 9) 2.7 1.6 3.5 2.9

Control (n = 6) 1.3 1.7 1.6 1.5

Alanine Meningitis (n = 9) 1.4 075 7.0t 39

Control (n = 6) 1.7 1.0 2.3 1.7

* n, number of animals.
1 p < 0.05 (Wilcoxon signed-ranked test).

normalized relative to baseline values for each animal, glutamate
increased by a mean of 470% in cortex during infection (p <
0.05), with a wide variability between animals. Alanine also
increased significantly at 22 h (Table 2). Alanine is considered
to be a marker for anaerobic glycolysis (24), and interstitial
alanine and lactate concentrations correlated well at 22 h of
infection (r = 0.73, p < 0.02). Furthermore, alanine and gluta-
mate concentrations also correlated (r = 0.69, p < 0.005). No
other amino acids showed significant increases, but glutamine
decreased by about 30% both in infected and control animals.
Microdialysis concentrations of glutamate collected within 60
min after killing the animals confirmed that the probes were
functioning with a massive increase of glutamate concentration
to 16.0 = 18.27 uM.

DISCUSSION

This study was designed to compare concentrations of amino
acids in the CSF and brain interstitial fluid during experimental
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bacterial meningitis. Interest in amino acids is stimulated by an
attempt to understand the pathogenesis of brain injury during
meningitis and the fact that EAA can cause direct neuronal
injury when present at increased concentrations in the brain (8,
25, 26). The role of this mechanism of CNS injury has not been
explored in bacterial meningitis.

We found significant increases of glutamate, aspartate, glycine,
taurine, and alanine concentrations in the CSF of infected ani-
mals. Glutamate and aspartate represent major EAA, whereas
glycine and taurine play a role as inhibitory amino acids (27).
The CSF concentrations of two amino acids that do not have a
documented neurotransmitter function (serine and threonine)
did not change during infection. These findings extend previous
studies that have documented increased CSF concentrations of
glutamate, aspartate, glycine, taurine, and alanine in patients
with bacterial meningitis (18, 20). Increased concentrations of
other individual amino acids, as well as of the total concentration
of amino acids, have also been observed in patients with men-
ingitis (17, 19, 28). One study documented that patients with
high CSF concentrations of amino acids had an increased inci-
dence of death or neurologic sequelae, but no correlation was
found in that study between amino acid concentrations and CSF
leukocyte, lactate, or protein concentrations in the relatively
small number of patients studied (28).

The mechanisms responsible for increased concentration of
amino acids in the CSF during bacterial meningitis are not
entirely clear. Disruption of the blood-brain barrier is a promi-
nent early pathophysiologic change in meningitis and could
possibly account for the increased CSF amino acid concentra-
tions by passive diffusion from serum (29). This may, however,
not be the only factor for at least two reasons. Concentrations of
amino acids can be higher in the CSF than in serum during
meningitis, indicating an additional intracranial source, and
previous studies have not found a good correlation between CSF
amino acid concentrations and CSF protein concentrations,
which represent a good marker for blood-brain barrier disruption
(19, 28, 30). Increases in CSF protein concentrations have been
well documented in our model of meningitis, but we have not
measured CSF protein concentrations in the present study. An-
other possibility that has not been explored in detail is that the
infection alters clearance from the CSF at different rates for
different amino acids. With regard to intracranial sources of
amino acids, release from cells recruited to the CSF as part of
the inflammatory response or release from brain tissue in re-
sponse to injury could account for the increase in CSF amino
acid concentrations. In other models of CNS injury, tissue con-
centrations of amino acids have been found to be elevated in
response to noxious stimuli such as ischemia and trauma (1, 4,
5). It is noteworthy that two amino acids without recognized
neurotransmitter function did not increase in CSF during men-
ingitis in our study, which supports the brain as a source of the
increased amino acid concentrations in the CSF. Cells in CSF
could also contribute to the increased amino acid concentrations
in CSF, but this has not been studied in sufficient detail.

Using the technique of microdialysis allowed us to measure
interstitial fluid concentrations of amino acids as the disease
evolved. This technique has previously measured increased in-
terstitial concentrations of amino acids as well as other molecules
in several animal models of brain injury (1, 3, 4). Among the
amino acids that increased significantly in CSF during meningi-
tis, glutamate and alanine also showed increased interstitial
concentrations in infected animals. Interpretation of the micro-
dialysis results has to take into account the following points.
First, while the interstitial amino acid concentrations appear low
compared with CSF, the measured absolute concentrations in
dialysate fluid are considerably lower than the true interstitial
fluid concentrations because they reflect the limited extraction
by the probes. Second, the extraction rate of the probes tends to
decrease during use and thus leads to an underestimate of the
relative increase in tissue concentrations over time.
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We observed a considerable variability of amino acid concen-
trations in interstitial fluid at the end of the infection that was
not observed in control animals or at baseline, suggesting that
this variability reflected the biology rather than being inherent
to the technical procedure. For glutamate, the largest increase
was 2020%, and approximately 50% of the infected rabbits had
concentrations above 200% of baseline, whereas the other ani-
mals showed minimal changes. This variability likely indicates
that the pathologic processes in the brain that lead to increased
amino acid concentrations are heterogeneous. This is supported
by observations in a rat model of pneumococcal meningitis (21),
where we found pronounced focality of the inflammation
throughout the cortex of infected animals with evidence of
associated, focal neuronal injury, findings that were confirmed
in a few rabbits in the present study (unpublished observation).
Similar focal changes have been described in a rabbit model of
meningococcal meningitis (31) and in pathologic-anatomical
studies in humans (32).

The mechanisms responsible for increased amino acid concen-
trations in brain interstitial fluid have not been identified. Ische-
mia is associated with a marked release of EEA and other amino
acids from injured neurons (7, 26). We have previously shown
that global cerebral blood flow is not markedly reduced in our
model of meningitis, as long as animals do not develop hypoten-
sion (15, 16), and, early in the disease, blood flow is actually
increased (13). Shock and global cerebral hypoperfusion were
therefore probably not responsible for the changes in amino acid
concentrations in this study. This is in contrast to a recent study
published in abstract form (33), in which experimental Esche-
richia coli meningitis appeared to lead to increases in cerebral
glutamate concentrations in response to profound septic shock
developing as a result of the infection. Our studies do not exclude,
however, that focal inflammation of the cerebral vasculature, as
documented by our study in rats with pneumococcal meningitis
(21), may lead to local cerebral ischemia that could account for
the heterogenous release of glutamate. It remains to be deter-
mined whether other pathologic processes occurring during men-
ingitis can lead to the release of amino acids from brain tissue.

Several conclusions regarding brain injury during bacterial
meningitis can be drawn based on the findings of this study.
First, the integrity of brain tissue is disrupted by the disease
process sufficiently to lead to increased release of certain amino
acids in brain interstitial fluid. The heterogeneity of this process
may explain the variability observed in the amino acid measure-
ments. Second, release from injured brain tissue appears to be in
part responsible for the increased amino acid concentrations
observed in the CSF during meningitis, but other components,
such as increased blood-brain barrier permeability, altered clear-
ance, and release from cells in the CSF, may also contribute.
Finally, the increased concentrations of interstitial glutamate
concentrations in infected animals suggest that excitotoxic neu-
ronal injury may play a role in this disease.
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