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Excitotoxicity and Metabolic Crisis Are Associated
with Spreading Depolarizations in Severe
Traumatic Brain Injury Patients

Jason M. Hinzman J. Adam Wilson,' Anna Teresa Mazzeo®® M. Ross Bullock®* and Jed A. Hartings'®

Abstract

Cerebral microdialysis has enabled the clinical characterization of excitotoxicity (glutamate >10 uM) and non-ischemic
metabolic crisis (lactate/pyruvate ratio [LPR] >40) as important components of secondary damage in severe traumatic
brain injury (TBI). Spreading depolarizations (SD) are pathological waves that occur in many patients in the days
following TBI and, in animal models, cause elevations in extracellular glutamate, increased anaerobic metabolism, and
energy substrate depletion. Here, we examined the association of SD with changes in cerebral neurochemistry by placing a
microdialysis probe alongside a subdural electrode strip in peri-lesional cortex of 16 TBI patients requiring neurosurgery.
In 107 h (median; range: 76—117h) of monitoring, 135 SDs were recorded in six patients. Glutamate (50 umol/L) and
lactate (3.7 mmol/L) were significantly elevated on day O in patients with SD compared with subsequent days and with
patients without SD, whereas pyruvate was decreased in the latter group on days 0 and 1 (two-way analysis of variance
[ANOVA], p values <0.05). In patients with SD, both glutamate and LPR increased in a dose-dependent manner with
the number of SDs in the microdialysis sampling period (0, 1, 22 SD) [glutamate: 2.1 —7.0— 52.3 umol/L; LPR: 27.8 —
29.9—45.0, p values <0.05]. In these patients, there was a 10% probability of SD occurring when glutamate and LPR
were in normal ranges, but a 60% probability when both variables were abnormal (>10 umol/L and >40 umol/L, re-
spectively). Taken together with previous studies, these preliminary clinical results suggest SDs are a key pathophysio-
logical process of secondary brain injury associated with non-ischemic glutamate excitotoxicity and severe metabolic
crisis in severe TBI patients.
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Introduction However, recent reports have shown these perturbations are more

enigmatic, as severe metabolic crisis (LPR >40) is observed even

INCE PERSSON AND HILLERED’S initial clinical study,' cerebral

microdialysis has been used to gain insight into secondary in-
jury processes of traumatic brain injury (TBI). Continuous sampling
of the brain’s extracellular fluid permits analysis of energy-related
metabolites (glucose, lactate, and pyruvate) to detect impaired me-
tabolism and the excitatory amino acids (glutamate) as a possible
marker of excitotoxic injury processes. In TBI, increases in extra-
cellular lactate/pyruvate ratio ([LPR] >25)>* and glutamate
(>10 uM)>* are established markers of secondary brain injury
associated with the initial injury severity, and ultimately poor
outcomes. Increases in the LPR, an established marker of metabolic
crisis that signals a switch from aerobic to anaerobic metabolism
due to ischemia and/or mitochondrial dysfunction,”® were initially
thought to reflect secondary hypoxic/ischemic events.>%512

after adequate resuscitation,'? in the absence of frank ischemia,'*
and independent of cerebral perfusion pressures.'> Vespa and col-
leagues have shown that non-convulsive seizures are one patho-
physiological source of such a non-ischemic “‘metabolic crisis.”'®

Rapid-sample microdialysis in cats and humans suggest that
spreading depolarizations (SD) may also be a major mechanism
triggering increases in the LPR.'~'® SDs are a class of pathological
waves that propagate through cerebral gray matter at 1 to 8 mm/min
and are characterized by sustained (~2min) depolarization of
neurons and astrocytes and consequent suppression of synaptic
activity (spreading depression).?%*! SD occurs in ~55% of severe
TBI patients, often in a repetitive pattern lasting hours to days,?*?
and is independently associated with worse outcomes.”* SD trig-
gers a complete breakdown of transmembrane ionic gradients>>*
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TABLE 1. PATIENT AND RECORDING CHARACTERISTICS

Plasma
ADM Primary Midline Hours of glucose CPP Number
Patient Age Sex Cause of TBI ~ GCS lesion shift (mm)  monitoring  (mg/dL) (mm Hg) of SDs  GOS-E
1 18 M GSW 7 Contusions 0 50 115+13 82114 0 5
2 47 M Fall 3T Contusions 4 61 1067 95+11 4 5
3 27 M ATV 8 Contusions 0 118 148+£27  78+9 0 1
4 40 M MVA-P 6 Contusions 7 111 179+£27 7219 14 7
5 33 M Assault 12 Contusions 4 137 12730 88+10 6 7
6 32 F Bicycle 3T Contusions 2 115 185+37 81+9 0 8
7 41 M Motocycle 3T Contusions 0 84 186+33  95%13 0 5
8 60 F MVA 3T Unk Unk 88 124+24 8119 0 8
9 18 M Motorcycle 3 SDH 15 73 1137 6716 0 6
10 35 M Motorcycle 3T SAH/SDH 3 119 12720 77110 0 6
11 20 F Bicycle 4 SDH 9 114 118£8 717 0 7
12 20 M Fall 8 SDH 5 67 147+31 6619 34 8
13 22 M Fall 5 SDH 13 85 132+£18 7111 2 4
14 20 F MVA 8T SDH 7 114 139+19 788 0 5
15 20 M MVA 7T Contusions 4 120 12820 667 0 6
16 40 M Bicycle 7T Contusions 0 102 16027 74£8 75 1

ADM GCS, Admission Glasgow Coma Scale; CPP, cerebral perfusion pressure; GOS-E, Glasgow Outcome Score-Extended; GSW, gunshot wound;
MVA, motor vehicle accident; MVA-P, pedestrian involved in motor vehicle accident; SAH, subarachnoid hemorrhage; SD, spreading depolarization;

SDH, subdural hematoma; Unk, unknown.

with an intracellular calcium surge up to 25 uM, and the release of
extracellular glutamate and other neurotransmitters in pathologi-
cal quantities.>’° Thus, recovery from SD is highly energy-
demanding, as adenosine triphosphate (ATP) is consumed to
operate pumps and transporters that restore equilibrium.*>*' Thus,
in animal models, SDs trigger increases in extracellular lactate and
decreases in glucose in both normal and ischemic cortex,'8*>=*
and these findings are confirmed clinically in TBI patients.'”"
Here, we hypothesized that the occurrence of SD in cerebral
cortex may be an important mechanism associated with elevations in
glutamate and LPR in some TBI patients. To examine associations
between these phenomena, a microdialysis probe was placed within
10 mm of a subdural electrode strip in peri-lesional cortex of patients
requiring neurosurgical intervention. Although overall differences
in extracellular neurochemistry between patients with and without
SD were minimal, we found that both glutamate and LPR were
elevated in a dose-dependent manner when SDs occurred. Taken
together with pre-clinical studies, results of this pilot study suggest
that prevention of SD may offer an important neuroprotective
strategy to forestall derangements of cerebral neurochemistry.

Methods
Patients

Sixteen patients with acute TBI were prospectively enrolled in
the Co-Operative Studies on Brain Injury Depolarizations (COS-
BID) at Virginia Commonwealth University. Inclusion criteria
were the clinical decision for neurological surgery for lesion
evacuation and/or decompression and age =18 years. Patients with
fixed, dilated pupils were excluded. Research protocols were ap-
proved by institutional review boards, surrogate informed consent
was obtained for all patients, and research was conducted in ac-
cordance with the Declaration of Helsinki. Data from patient 12
have been reported previously.*>

Procedures

For electrocorticographical monitoring of SD, a single electrode
strip was placed on the surface of the brain in the operating room

following lesion evacuation and hemostasis. The strip consisted of
six platinum electrodes (4.2 mm? exposed area) spaced at 10 mm
(Wyler, Ad-Tech Medical, Racine, WI). The strip was targeted to
viable peri-lesional cortex judged to be at highest risk of secondary
injury and was placed along a single gyrus when possible.>*¢=8 A
microdialysis catheter (CMA70 Brain Microdialysis Catheter,
10 cm flexible shaft, 10 mm membrane length, 20 kDa cutoff, and
an external diameter of 0.6 mm, CMA, Stockholm, Sweden) was
inserted 1.5-2.0cm into the parenchyma within 1 cm adjacent to
the electrode strip to monitor the same tissue. The microdialysis
catheter was connected to a portable, battery-driven syringe pump
(CMA 107 Microdialysis Pump, CMA Microdialysis) that perfused
sterile normal saline at the rate of 2 ul/min. As the perfusion flow
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FIG. 1. Time course of microdialysis and electrocorticographical

abnormalities in severe TBI patient. For patient 16, the timings of
seizures and SDs are shown above with the same time axis as the
microdialysis graph. Individual SDs are shown as vertical tick
marks and bars show the durations of continuous seizure-like ac-
tivity. SDs were observed continuously from the beginning of
monitoring and then were progressively replaced at 2 days post-
trauma by seizure-like activity, consisting of high-amplitude spike
discharges repeating at 2- to 5-s intervals. SD, spreading depolar-
ization; TBI, traumatic brain injury.
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FIG. 2. Comparison of microdialysis values in patients without and with SD over entire recording period. Graphs (median; interquartile
range, and 10-90% values) display concentrations and percent times of abnormal values for (A) extracellular glutamate (umol/L), (B)
lactate (mmol/L), (C) pyruvate (umol/L), (D) lactate/pyruvate ratio (LPR), and (E) glucose (mmol/L). Only pyruvate concentrations and
percent time of abnormal lactate were significantly different between patients with and without SDs (¥, p <0.05, Mann-Whitney U tests).

SD, spreading depolarization.

rate is inversely related to relative recovery, at the given perfusion
rate of 2 ul./min, the expected recovery of the analytes glucose,
lactate, pyruvate, and glutamate is some 40% of the true extracel-
lular concentration.***® Microdialysis samples were collected in
60-min intervals in all patients except patients 1-3 and 6 (90 min)
and immediately frozen (-20°C) in air-tight vials.

The subdural electrode strip was connected to two AC-coupled
Dual Bioamp amplifiers (high pass cutoff: 0.02Hz; ADInstru-
ments, New South Wales, Australia) in a sequential bipolar fashion
and ground was provided by a self-adhesive Ag/AgCl patch elec-
trode on the shoulder. Electrocorticography data were digitized and
recorded at 200 Hz sampling with Powerlab 16/SP and Chart 5
software (ADInstruments, Inc.). During monitoring, patients were
sedated, ventilated, and pharmacologically immobilized as re-
quired. Sedation was maintained with propofol or midazolam and
analgesia was provided with fentanyl or morphine. Phenytoin was
administered for seizure control or prophylaxis in all patients. In-
tracranial pressure (ICP) was monitored in all patients through a
ventricular drainage catheter or intraparenchymal transducer (Cod-
man, Raynham, MA). Neurocritical care followed the Brain Trauma
Foundation guidelines*' and aimed to maintain ICP <20 mm Hg and
cerebral perfusion pressure (CPP) >60 mm Hg. Neuromonitoring
was terminated and devices were removed at the patient’s bedside
when invasive neuromonitoring was no longer clinically required or
after a maximum of 7 days. Clinical outcome was assessed at 6
months during telephone interview or at the clinical visit according to
the Glasgow Outcome Score-Extended (GOS-E).

Data analysis

Frozen microdialysis samples (n=1214) were analyzed in a
batch fashion each week using standard reagents on the CMA
microdialysis analyzer (CMA 600, Solna, Sweden) for concentra-
tions of glucose, lactate, pyruvate, and glutamate.*® The absolute
concentrations of the neurochemicals should not be affected by this
freeze/thaw procedure as prior work has shown this did not sig-
nificantly alter the concentrations.*> The bedside nurse and the
research team maintained a detailed patient event log to identify
important events and to record times of vial sampling. To allow for
stabilization of the probe after placement, the first sample was

excluded from analysis. Samples were classified as ‘‘abnormal’
based on established thresholds®: glucose <1.0 mmol/L, lactate
>4 mmol/L, pyruvate <50 umol/L, glutamate >10 ymol/L, and LPR
>40. “Normal”’ values for human microdialysis have been reported
previously.? Electrocorticography recordings were analyzed for SD
according to methods described previously.>**”>® Briefly, SDs
were identified by (1) the occurrence of slow-potential changes,
reflecting high-pass filtering at 0.02 Hz of the 5-15mV negative
shift in DC potential,** (2) amplitude depression of high-frequency
spontaneous activity (0.5-50 Hz) lasting at least several minutes,
with onset synchronous with the slow-potential change in the same
channel, and (3) the sequential occurrence of slow-potential
changes and depressions on adjacent channels, demonstrating
spread across the cortex at 1-8 mm/min. The time of the first slow-
potential change in any channel was used as the time stamp for that
SD. Day 0 was defined as the first 24 h after injury.

Statistical analysis

Data were sorted and analyzed with custom programs written in
MATLAB (The MathWorks, Natick, MA). Data are presented as
medians (interquartile range) and statistical significance was de-
fined as p<0.05.

Results
Patient summary

Patient injury characteristics are summarized in Table 1. The
majority of patients were male and median age was 30 years (range:
20-40 years). All patients had severe TBI (Glasgow Comas Scale
[GCS] score <9) at hospital admission, except for patient 5, and
underwent neurosurgery for treatment of hemorrhagic contusions
or acute subdural hematomas. Lateralized decompressive craniec-
tomies were performed in 14 cases, one patient underwent bifrontal
craniectomy, and another had craniotomy with bone flap replace-
ment. Microdialysis and electrocorticography were performed si-
multaneously in the intensive care unit for 107 h (median; range:
76-117h). During monitoring, CPP ranged 66-95 mm Hg and
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plasma glucose ranged 106-186 mg/dL, generally above the level
of tight glycemic control (<110 mg/dL) (Table 1). At 6 months, 13
patients (81%) had a favorable outcome (GOS-E 5-8).

Data were analyzed to determine whether SDs were associated
with particular derangements of cerebral neurochemistry. Overall,
19% of microdialysate glutamate values were elevated (>10 umol/
L), 83% of glucose values were low (<1 mmol/L), and 61% of
pyruvate values were low (<50 umol/L), mainly accounting for
elevated LPR (>40) in 30% of samples; lactate was elevated
(>4 mmol/L) in only 0.7% of samples. A total of 135 SDs were
observed in 6 of 16 (37.5%) patients, with most occurring in pa-
tients 12 and 16. Electrocorticographic seizures occurred in these
same two patients only, as described previously by Fabricius and
colleagues as patients 7 and 6, respectively.** Patient 12 had a
single seizure lasting <4 min, whereas patient 16 had seizure-like
activity for 27 h. Figure 1 shows that this episode of status epi-
lepticus developed 2 days post-trauma, following termination of
repetitive continuous SD in the initial 30 h of monitoring. We note
that the lower incidence of SD and better outcomes of patients in
the present study compared with previous reports is likely attrib-
utable to the common use of large decompressive craniectomies for
surgical TBI management.>**>

Overall trends

We first examined whether patients with and without SDs dif-
fered overall in cerebral microdialysate measures. For each patient,
we calculated the median value and the percentage of samples that
deviated from a normal range over the entire monitoring period
(Fig. 2). Differences between patients with and without SD were
minimal. Only extracellular pyruvate was significantly higher in
patients with SDs (51.2 vs.16.6 umol/L; Mann-Whitney U test
p=0.008), whereas the percentage of abnormal values (SD 57% vs.
no SD 99%) did not reach significance (Fig. 2C). Extracellular
lactate also trended toward higher values in patients with SD (1.3
vs. 0.7 mmol/L; Mann-Whitney U test p=0.056).

More substantial differences between the groups are evident
when examining daily values (Fig. 3). Patients with SD had sig-
nificant elevations in both glutamate (two-way ANOVA,
F[5,52]=3.15, p=0.028; Fig. 3B) and lactate (two-way ANOVA,
F[5,52]=5.42, p<0.001; Fig. 3C) on day 0 compared with subse-
quent days and also with patients without SD. Pyruvate was sig-
nificantly decreased in patients without SDs on days 0-1 (two-way
ANOVA, F[5,52]=2.84, p=0.024; Fig. 3D). There were no dif-
ferences in glucose or LPR (Fig. 3E,F). The time course of changes
in microdialysate values matched the temporal profile of SD ac-
tivity, which was highest on days 0-1 and subsided to a constant
low level on days 3-5 (Fig. 3A).

Analysis of samples by SD activity

To examine the association between SD and cerebral neuro-
chemistry in greater detail, microdialysis samples were grouped

FIG. 3. Time course of SDs and microdialysate values. (A) Daily
totals of SDs show the highest incidence on days 0 and 1. Median
and interquartile range of daily concentrations of (B) extracellular
glutamate, (C) lactate, (D) pyruvate, (E) LPR, (F) and glucose.
Patients with SD had significant increases in extracellular glutamate
and lactate in the first day of recording and significant increases in
pyruvate for the first two days (*, p values <0.05, two-way ANOVA
with Bonferroni post hoc test). ANOVA, analysis of variance; LPR,
lactate/pyruvate ratio; SD, spreading depolarization.

# of SDs

Glutam ate umol/l

Pyruvate pmolll Lactate mmoll/l

Lactate/Pyruvate Ratio

Glucose mmolil

HINZMAN ET AL.

20+
15+
10+
5-
S0 1 2 3 4 5
Days
120
-© Patients with no SDs
904 -# Patients with SDs

1204

90+

60+

304

(=]

604

(=]

2,04

1.54

1.04

0.5

0.0



EXCITOTOXICITY AND METABOLIC CRISIS DURING SD 1779

A 12, B 4 C 100- Do E 20
= *# X 501 g Rt C #
5 1001 2 3 804 =il B 1.5
€ a0 £ £ T 50 £
3 £ 3 60 > £ *
£ 6o a2 a = i 9 101
£ * I 3 a0 & 30 S
£ < 1 . £ 2- 2 05
o 204 x ! L §1o- o

o 0 0 40 0.0

0 1 2 0 1 2" 0 1. & 0 1 2 0 1 &

Number of Spreading Depolarizations

FIG. 4. Glutamate and LPR are elevated during SDs. In patients with SDs, microdialysis samples were grouped according to the
number of SDs (0, 1, or 22) that occurred during sample collection. Graphs show median concentrations, interquartile ranges (box), and
10-90% ranges (whiskers) of (A) extracellular glutamate, (B) lactate, (C) pyruvate, (D) LPR, and (E) glucose. Extracellular glutamate
and LPR progressively increased with SDs, exceeding the pathological thresholds for excitotoxicity (glutamate >50 umol/L) and
metabolic crisis (LPR >40) during multiple SDs (* vs. 0 SD; # vs. 1 SD; p values <0.05, Kruskal-Wallis with Dunn’s multiple
comparison). LPR, lactate/pyruvate ratio; SD, spreading depolarization.

based on the number of SDs that occurred during the time of each
sample collection for the six patients with SDs. The box and
whisker plots in Figure 4 show that glutamate was significantly
elevated in a dose-dependent fashion when SDs occurred: the
presence of multiple SDs in the sample period was associated with
glutamate concentrations of 52.3 umol/L, compared with 7.0 gmol/
L when only a single SD occurred and only 2.1 umol/L when no
SDs were present (Kruskal-Wallis test=79.80, p<0.001, Dunn’s
multiple comparison test, p <0.05; Fig. 4A). A similar effect was
observed for the LPR, which exceeded 40 when multiple SDs oc-
curred but was near 30 when either a single or no SD was present
(Kruskal-Wallis test=44.83, p<0.001, Dunn’s multiple compari-
son test, p <0.05; Fig. 4D). This was due to changes in both lactate
and pyruvate concentrations, although only differences in lactate,
and not pyruvate, were significant (Kruskal-Wallis test=17.16,
p<0.001, Dunn’s multiple comparison, p <0.05; Fig. 4B,C).

Probability of SD in comparison to MD values

Because glutamate concentrations and LPR were elevated when
SDs occurred, we conversely examined whether microdialysate
values are predictive of SD occurrence. Figure 5A plots the LPR
and glutamate concentrations for all the microdialysis samples of
the six patients with SD. Four quadrants were defined by the ab-
normal thresholds for each variable (glutamate >10 ymol/L and
LPR >40) and samples grouped based on whether SD occurred in
the sampling period. For the majority of time (65%), glutamate and
LPR values were within the normal range (lower left quadrant,
Fig. 5A; gray bar, Fig. 5B) and only 8% of these samples were
associated with SDs (black bar, Fig. 5B). By contrast, 9% of
samples had elevated glutamate concentrations and LPRs (upper
right quadrant, Fig. 5A; gray bar, Fig. 5B) but these were associated
with a 60% incidence of SD (black bar, Fig. 5B). Patients without
SDs exhibited a similar proportion of samples with normal (72%)
and abnormal (14%) levels of glutamate and LPR (Fig. 5C).

Discussion

Here we examined the association of SDs with perturbations in
cerebral neurochemistry by multimodal monitoring of electro-
corticography and microdialysis in peri-lesional cortex of TBI
patients who required neurosurgery. Microdialysate values in pa-
tients with SDs (6/16) were generally similar to patients without
SDs. However, the former group had significantly elevated gluta-

mate and lactate in the first 24 h of monitoring, and hourly analysis
showed dose-dependent increases in glutamate, lactate, and LPR
when SDs occurred. Normal glutamate and LPR were associated
with only an 8% probability of SD occurrence, but pathological
elevations of both measures were associated with a 60% SD
probability. Although the sample size of this pilot study is small,
results suggest that SD is an important pathophysiological mech-
anism associated with glutamate excitotoxicity and severe meta-
bolic crisis in human brain injury. Prior studies in animals and
humans suggest that SD is causal in inducing changes in neuro-
chemistry, but also that these factors may have reciprocal cause-
effect relationships in a cycle of worsening pathology.

Glutamate excitotoxicity

Since the discovery of elevated extracellular glutamate after
experimental TBI,***” numerous clinical studies have documented
similar changes. Similar to our data, results from other studies
found that glutamate is typically most elevated at the start of
monitoring, declining to normal or steady, elevated values after 24—
48 h.*% Compromise of the blood—brain barrier and cellular mem-
branes from the primary mechanical forces is a key contributor to
this large (>30 umol/L) initial glutamate surge and also likely
contributes to the initiation and propagation of SDs.>*** Thus,
SDs exhibit a temporal profile similar to glutamate elevation after
brain injury, with peak rates in the first 36 h followed by a decline,
suggesting a possible association.>®

Here, we confirmed the similar time courses of these pathologies
by monitoring both variables in the same population. Although
extracellular glutamate levels showed a sharp decline after the
initial 24h post-injury, they remained considerably above the
normal limit of 10 umol/L for several days (Figs. 1 and 3A,B),
consistent with 1) the more prolonged time course of SDs and 2) the
levels of extracellular glutamate provoked by SD.?”** Such ex-
tracellular glutamate increases were not observed in patients
without SD. We further found that the occurrence of SD is asso-
ciated with elevated glutamate levels in a dose-dependent manner,
reaching >50 umol/L. when multiple SDs occurred in the micro-
dialysis sample period (Fig. 4A). Previously, elevations in gluta-
mate have been associated with increases in ICP, decreases in
brain tissue oxygenation, cerebral ischemia,>>' and overall worse
outcomes.*®'? Until now, the only neuronal pathophysiological
process clearly associated with increases in extracellular glutamate
has been seizures.'>>? However, seizures are less common than
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FIG. 5. High probability of SD during elevated glutamate and
LPR. (A) Plot of all the microdialysis samples in six patients with
SDs depicting the LPR and extracellular glutamate concentration
on logarithmic scales. The samples are grouped based on whether
an SD occurred (black square) or not (gray circle) in the sampling
period and sorted into four quadrants using the pathological
thresholds for glutamate (>50 umol/L) and LPR (>40 yumol/L). (B)
The relative occurrence of microdialysis values within the four
quadrants in patients with SDs (gray bars) and the probability of
SD occurring (black bars) when microdialysis values fall within
the quadrants. In 65% of the samples, glutamate and LPR were
within their physiological range and the probability of SD was
8%. The combination of elevated glutamate and LPR was rare
(9%) but carried the highest probability of SD (60%). (C) The
relative occurrence of microdialysis values within the four quad-
rants in patients without SDs. LPR, lactate/pyruvate ratio; SD,
spreading depolarization.
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SD?** and did not contribute to glutamate elevations in this patient
series. It is noteworthy, in fact, that glutamate decreased to a normal
range (>20to ~ 10 umol/L) in one patient (Fig. 1) shortly after SDs
ceased and were replaced by continuous seizure activity.

Does elevated glutamate trigger SD, or the reverse? Prior studies
have shown that SDs evoked experimentally in the healthy brain
cause elevations in extracellular glutamate,?’>° making it possible
that SD contributes to sustained glutamate elevations in the human
brain. However, the accumulation and diffusion of extracellular
glutamate is also likely a critical mechanism of SD initiation and
propagation, as originally proposed by Van Harreveld.*® Recent ex
vivo experiments have provided direct support for his hypothesis by
showing that SDs can be initiated by regenerative glutamate release
and that N-methyl-D-aspartate (NMDA) receptor signaling is es-
sential for propagation and sustainment of the mass depolariza-
tion.>** Thus, although it is tempting to attribute a unidirectional
causality to the association of SDs and elevated glutamate levels,
most likely these mechanisms are mutually reinforcing, and to a
large extent, different facets of the same process.

This view may also shed light on the condundrum of what ex-
tracellular glutamate level constitutes an excitotoxic threshold. The
glutamate concentrations required to induce excitotoxicity in vitro
(30 umol/LL for 30 min>>) are substantially lower than those re-
quired in vivo (reverse microdialysis of 0.1 mol/L for 30 min’®).
However, acute excitotoxicity may only occur in vivo in connection
with SD. In focal cerebral ischemia, we found that transient and
terminal SDs associated with lesion growth caused synchronous
changes in extracellular glutamate, but that glutamate never in-
creased in the absence of SD either in the ischemic core or pen-
umbra.? Although glutamate levels never exceeded 20 ymol/L in
these experiments, they may contribute to excitotoxic processes
during SD because cells are depolarized, Mg®*" block on NMDA
receptors is released, and the Na* gradients that drive excitatory
amino acid re-uptake are disrupted.”

Metabolic crisis

Increased LPR is regarded as the most reliable marker of a
switch from aerobic to anaerobic metabolism due to mitochondrial
dysfunction from inadequate supply of oxygen and glucose.>>>">8
The importance of this measure was demonstrated in the largest
microdialysis study of severe TBI, where Timofeev and associates®
found that elevated LPR was an independent predictor of mortality
and metabolic crisis (LPR >25) was associated with unfavorable
outcomes. Until recently, ischemia was presumed to be solely re-
sponsible for this phenomenon, because LPR has been shown to be
CPP-dependent™ with higher ratios in peri-contusional compared
with normal tissue.>'> However, the discovery of severe metabolic
crisis (LPR >40) in non-ischemic peri-contusional cortex suggests
that mitochondrial dysfunction can occur independent of cerebral
ischemia.'*!> Here we found that LPR increased in a dose-
dependent manner in association with SDs, exceeding the threshold
for severe metabolic crisis (LPR >40) during multiple events
(Fig. 4D). This result supports the hypothesis that SD is a patho-
logical cause of non-ischemic metabolic crisis, a hypothesis
strongly supported by SD’s well-established metabolic profile.

The ionic fluxes associated with SDs, which are 5- to 10-fold
greater than those produced by seizures, include an increase of
extracellular [K*] from 3 to 60 mM and decrease of extracellular
[Ca**] from 1.3 to <0.1 mM.®° The restoration of ionic equilibrium
and sequestration of cytosolic Ca** requires energy-dependent
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pumps,®! thereby greatly increasing metabolic demand. The Ca**
influx is also associated with mitochondrial depolarization during
SD,%? impairing oxidative phosphorylation and forcing reliance on
cytosolic glycolysis for ATP production.®"*¢!% Thus, with each SD
wave, tissue ATP and glucose decline,'** and lactate accumulates.
This metabolic response to SD has been well characterized in ex-
perimental'®? and clinical''>* studies that demonstrate the
causal role of SD: stepwise accumulation of lactate and depletion of
glucose follow, and do not precede, the passing of successive de-
polarization waves.

Here, we failed to detect decreases in extracellular glucose in
association with SDs, which is likely attributable to the high
prevalence of already abnormal low values in a majority of the
severe TBI samples (Fig. 2E). Nor did our evidence support the
suggestion that low baseline cerebral glucose is a risk factor for SD
occurrence.'®% In addition to the comparisons of patients (Fig. 2,3)
and samples (Fig. 4) with and without SD, the overall SD incidence
was low in this patient cohort despite the common finding of low
cerebral glucose.

Study limitations

This study has several limitations. First, we did not assess ce-
rebral blood flow or partial pressure of tissue oxygenation. Al-
though CPP was maintained >60mm Hg, it is possible that
ischemic or hypoxic conditions in the monitored peri-lesional
regions played a role in inducing SD or perturbations of micro-
dialysate variables. Second, the absolute concentrations in micro-
dialysis samples may not always reflect true extracellular values
because recovery rates of microdialysis probes can vary depending
on changes in the volume of the extracellular space, both within and
across patients. Such variance may particularly occur during SDs,
which induce cellular edema and transiently shrink the extracellular
space by up to ~70%.2>%%7 Because of this, ratios of compounds
with similar structures, such as the LPR, have been preferred for
comparisons within and across studies as these ratios are inde-
pendent of probe recovery and equally affected by changes in ex-
tracellular diffusion.®®® Third, microdialysis provides an averaged
measure of dynamic changes in the extracellular fluid surrounding
the probe during the sampling period. Because SDs are relatively
short events (mean duration ~ 2 min)*>% associated with transient
disruptions in cerebral metabolism (<20 min),'*®* their effects may
be underestimated with microdialysis sampling periods of 60 min
or more. If SDs occur frequently in temporal clusters, this dilution
effect is diminished, because neurochemical changes may accu-
mulate over the sampling period rather than dissipate within it.'’
Such effect may partly contribute to the sharper increase in gluta-
mate and LPR when =2 SDs occur. Finally, this is a small pilot
study of only six patients who had SDs. Although significant results
are consistent with the hypotheses that SD contributes to glutamate
excitotoxicity and metabolic crisis, a larger and more comprehen-
sive study is warranted to determine the overlap and causality of
these phenomena.

Conclusions

The results of this pilot study support the hypothesis that SD is a
key pathophysiological process of secondary brain injury associ-
ated with non-ischemic glutamate excitotoxicity and severe
metabolic crisis in severe TBI patients. Although the overall neu-
rochemical values were similarly disturbed in patients with and
without SDs, the dose-dependent increases in extracellular gluta-
mate and LPR in hourly samples suggests SDs are directly related to
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transient neurochemical perturbations. Overall, these results sug-
gest that prevention of SD may offer an important neuroprotective
strategy to forestall derangements of cerebral neurochemistry.
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