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Patient management

After intubation, all patients were subjected to continuous mild hyperventilation.
which was induced with Paco, between 30 and 35 mmHg, and all received high-
dose barbiturates with mild fluid restriction ¢(1-2 mL/kg/h). On reaching cerebral
perfusion pressure (mean arterial blood pressure minus ICP) of less than 60 mmHg,
patients were given adequate amounts of albumin. Colloidal fluids or dopamine
(35 pg/kg/min continuous infusion) was administered as needed to maintain urine
output greater than 0.5 mL/kg/h. No corticosteroid or mannito]l was administered
during the study. Immediately after initial resuscitation, all patients underwent
computed tamography (CT) scanning of the head. Subsequently, an intraventricular
catheter was placed in each patient. The catheter allowed continuous monitoring of
ICP and intracranial temperature. There was no evidence of complications, such as
intracranial hemotrhage or infection, as a result of insertion of the intraventricular
catheter. Intracranial mass lesions associated with midline displacement greater than
5 mm were surgically removed when mecessary. Intracranial hyperiension was
managed initially in a1l patients by conventional ICP reduction therapy, such as mild
hyperventilation, mild fluid restriction, high-dose barbiturates, andfor CSF drainage.
In patients with ICP at or above 20 mmHg and unresponsive to conventional
therapy, mild hypothermia (34°C) was induced by surface cooling with a circulating
water blanket placed above and below the patient. Intracranial temperature was
controlled according to our previously published protocol (24). Control of ICP was
achieved in 17 of the 23 patients {low-ICP group) but not in the remaining 6
(high-ICP group). Patients in the low-ICP group were assigned randomly to mild
hypothermia (HT, 11 patients) or normothermia (NT, 6 patients). After random-
ization, HT patients were subjected to mild hypothermia (intracranial temperature
= 34°C) as quickly as possible, and NT patients were maintained under normo-
thermic conditions (intracranial temperature = 37°C). Mild hypothermia was
started 2.0 + 0.5 h after injury, and body temperature reached 34°C 6.0 £ 0.5 h after
injury. Mild hypothermia was continued for 48 h, and patients were rewarmed at
1°C /day for 3 days. Normothermia (37°C) was maintained for 5 days.

CT study

Focal mass lesions included contusion, subdural hematoma, epidural hernatoma,
and intracerebral hematoma. Volume measurements of focal mass lesions based on
CT images taken during the first 24 h after TBI were obtained according to Cava-
lieris Direct Estimator method (25).

CSF and serum analysis

CSF samples were drawn from the intraventricular catheter, and blood samples
were drawn from an arterial line immediately after insertion of the intraventricular
catheter (initial sampling time was 2.0 + 0.5 h after injury) and at 6, 12, 24, 48,72,
and 96 h after injury. The CSF samples were centrifuged to remove cellular debris,
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and the supernatant was immediately frozen at ~80°C and stored until analysis.
Serum samples were prepared from the blood samples and stored at —80°C until
analysis. TNF-q, IL-1B, IL-6, IL-8, and 1L-10 concentrations in CSF and serum
were analyzed by enzyme-linked immunosorbent assay with commercially available
kits (R&D Systems, Minneapolis, MN). The minimum detectable cytokine concen-
trations were TNF-« 4.4 pg/mL, IL-18 1 pg/mL, IL-6 0.7 pg/mL, IL-8 10 pg/ml.,
and IL-10 3.9 pg/mL. For statistical analysis, minimum-detection-level values were
used for cytokine concentrations below the minimum detectable levels. CSF S100B
concentrations were determined with a commercially available immunoradiometric
assay kit (Sangtec Medical, Bromma, Sweden). CSF samples obiained by diagnostic
lumbar puncture from seven trauma patients without traumatic brain injury were
used as controls,

Patient outcomes

Patient outcome was assessed 6 months after injury on the basis of the Glasgow
Outcome Scale (GOS) (26) in which death is scored as 1, vegetative state as 2,
severe disability as 3, moderate disability as 4, and good recovery as 5. For statis-
tical comparison, the outcomes of patients with scores of 4 or 5 were considered
favorable, and the outcomes of patients with scores of 1, 2, or 3 were considered
unfavorable. Surviving patients participated in follow-up interviews either by tele-
phone or in person at the clinic,

Statistical analysis

All values are expressed as mean + standard error of the mean unless otherwise
specified. Statistical analyses were performed with Stat-View computer software
(version 5.0) and included Mann-Whitney ¥ test, chi-square test, or one-way analy-
sis of variance in combination with the Tukey-Kramer multiple comparisons test.
Relations between variables were assessed by Pearson’s correlation coefficient.
Differences were considered statistically significant at P < 0.05.

RESULTS

Patients’ characteristics

Of the 23 patients, six made up the “patients with low ICP
treated under normothermia” group (NT group), 11 made up
the “patients with low ICP treated under mild hypothermia”
group (HT group), and six made up the “patients with high
ICP” group. All patients with high ICP were treated under mild
hypothermia. We had no patients with high ICP treated under
normothermia. Clinical characteristics in the three groups are

TaeLe 1. Clinical characteristics of the three study groups

Patients with low ICP*

Patients with low ICP*

treated under normothermia treated under mild hypothermia Patients with
{NT group) (HT group) high ICPt

No. of patients 6 11 6
Age (yrs) 34x7 37z6 49+ 8
Sex ratio (M/F) 3/3 11/0 33
GCS on admission 58108 5905 50+£03
CT classification?

Diffuse injury 1 1 o 0

Diffuse injury 2 3 7 o

Diffuse injury 3 0 0 1

Ditfuse injury 4 0 0 0

Evacuated mass lesion 2 4 5

Nonevacuated mass lesion ) 0 0
Additional injuries

Chest injury 2 1 2

Abdominal injury 0 2 0

Pelvic or leg fracture 0 ¢ 1

Arm fracture 0 0 0
Qutcome

Favorable/unfavorable 6/0 813 1/5

Numbers represent number of patlents unless otherwise indicated,
Values are expressed as mean + standard error of the mean.

*Low ICP, patient's ICP was maintained below 20 mmHg by conventional treatments. There were no significant differences between the two groups.
tHigh ICP, patient's ICP could not be lowered to below 20 mmHg despite conventional treatments. All patients with high ICP were treated under mild

hypothermia.
SCategorized according to the classification of Marshall et al. (34).
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summarized in Table 1. There were no significant differences
between the NT group and the HT group in age, GCS score on
admission, focal mass volume, additional injuries, or outcome.

CSF 51008 and cytokine concentrations In patients with
severe T8I

The mean peak CSF S100B concentration (630 + 173 ug/L)
of the 23 patients with severe TBI was much higher than that
(3.3 £ 1.3 pg/L) of the control patients (P < 0.001) (Fig. 1).
The mean peak CSF cytokine concentrations of the 23 patients
were IL-18 9.9 + 1.7 pg/mL, TNF-a 23.0 + 5.7 pg/mL, IL-6
5266 + 1633 pg/mL, IL-8 12,602 + 2,115 pg/mL, and IL-10
12.6 + 2.3 pg/mL. However, the mean CSF cytokine concen-
trations of the control patients were 1.6 + 0.2 pg/mL for IL-18,
11.9 + 5.0 pg/mL for IL-6, and 96.2 + 4.3 pg/mL for IL-8. CSF
TNE-a and IL-10 concentrations were undetectable in the
control patients. All peak CSF cytokine concentrations were
significantly higher in the 23 patients with severe TBI than in
the control patients (P < 0.05) (Fig. 1).

Serial changes in CSF 51008 and cytokine concentrations

CSF S100B concentrations increased during the 6-h period
immediately after injury and gradually decreased thereafter
(Eig. 2A). CSF IL-1P and -a concentrations were substantially
higher than those of control patients during the 24-h period
immediately after TBI, and they decreased thereafter (Fig. 2, B
and C). CSF IL-6 and IL-8 concentrations peaked 6 h after
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Fic. i. Graphs showing peak CSF concentrations of S100B (A) and
cytokines (8-F) in 23 patients with severe TBI and controls. Open bars,
patients with severe TBI. Closed bars, control patients. Data are expressed
as mean = SEM values. *CSF TNF-« and IL-10 concentrations were unde-
teciable in tha control patients.
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Fis. 2. Graphs showing serial changes in CSF S100B concentration
{A) and serlal changes in CSF and serum cytokine concentrations (B-F)
in 23 patients with severe TBI, Data are expressed as mean + SEM values.

A, Initial sampling ime for CSF and serum; @, CSF S100B and cylokine
concentrations; O, serum cytokine concentrations.

injury and decreased gradually thereafter (Fig. 2, D and E),
whereas the CSF IL-10 concentration was substantially higher
during the 6-h period immediately after injury but decreased
steadily after the initial sampling time (Fig. 2F). During the
first 24 h after injury, IL-1B, TNF-a, IL-6, and IL-8 concen-
trations were two to 100 times higher in CSF than in serum.
However, the CSF concentration of IL-10 was lower than the
serum concentration,

Correlation of ICP with $100B and cytokines

A positive correlation (* = 0.729, P < 0.0001) was found
between peak CSF S100B concentration and ICP at each
sampling point (Fig. 3). The CSF S100B concentration was
significantly higher in the high-ICP group than in the low-ICP
group (P < 0.001, Table 2). A significant correlation was found
between peak CSF IL-1B concentration and ICP at each
sampling point (r* = 0.260, P < 0.05). The CSF IL-18 concen-
tration was also significantly higher in the high-ICP group than
in the low-ICP group (P < 0.05). No significant correlation was
found between other peak CSF cytokine concentrations and
ICP at any sampling point.

Serial changes In CSF $100B and cytokine
concentrations in HT and NT groups

Serial changes in CSF S100B and cytokine concentrations in
the HT group did not differ statistically from changes in the NT
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Fic. 3. Graph showing correlation between ICP and peak CSF 51008
concentration In the 23 study patients with severe TBI. Measurements of
ICP and sampling of CSF for $1008 assay were done at the same time.

group (Fig. 4). These two groups did not differ significantly in
age, GCS score on admission, focal mass volume, level of ICP,
additional injuries, or outcome (Table 1).

Correlation of GCS score with $1008 and cylokines

No significant correlation was found between the peak CSF
S100B concentration and a patient’s GCS score on admission.
Nor was a significant correlation found between the peak CSF
cytokine concentrations and a patient’s GCS score on admission.

Correlation of focal mass volume with $1008
and cytokines

Significant positive correlation was found between peak
CSF S100B concentration and focal mass volume (r* = 0.316,
P < 0.005). However, no significant correlations were found
between peak CSF cytokine concentrations and focal mass
volume.

Correlation between peak CSF S100B and
cytokine concentrations

Significant positive correlation (? = 0.397, P < 0.005) was
found between peak CSF S100B concentration and peak CSF
IL-1B8 concentration in the overall study group (Fig. 5).
However, no significant correlation was detected between peak
CSF concentration of any other cytokine and peak CSF
concentration of S100B.

Peak CSF 51008 and cytokine concentrations
and outcome

At 6 months after TBI, outcome was favorable for 15
patients but unfavorable for eight patients (Table 1). The CSF
S100B concentration was significantly higher in patients with
an unfavorable outcome than in patients with a favorable
outcome (P < 0.05) (Table 3). The CSF IL-18 concentration
tended to be higher in patients with an unfavorable outcome
than in patients with a favorable outcome (P = 0.057) (Table
3). No differences were found in CSF concentrations of other
cytokines between patients with a favorable outcome and those
with an unfavorable outcome (Table 3).
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DISCUSSION

In patients with severe TBI, the serum S100B concentration
is high on admission, and it decreases gradually (27). However,
the changes in CSF S100B that occur early in patients with
severe TBI are not clearly understood. The present study
showed clearly that the CSF S100B concentration peaked
within 6 h after injury and that the peak CSF S100B concen-
tration correlated significantly with ICP determined at the time
CSF samples were taken. The mean peak CSF 5100B concen-
tration (630 £ 173 pg/L) of the 23 patients with severe TBI was
much higher than that (3.3 & 1.3 ug/L) of the control patients
(P < 0.001). CSF values from our control subjects were slightly
higher than that (1.4 + 0.2 pg/L) reported by Pleines et al. (7),
but we think the actual differences were really very small. Qur
findings are consistent with those of Hardemark et al. (28),
who reported that the CSF S100B concentration peaked 7.5 h
after experimental traumatic brain injury in the rat. Hardemark
et al. (28) concluded that TBI causes astroglial cells to rupture;
thus, the early peak of S100B in CSF may reflect primary brain
damage.

Several authors have reported increased serum concentra-
tions of S100B in TBI patients (3-6). Woertgen et al. reported
that the serum S100B concentration was significantly higher in
patients with an unfavorable outcome than in patients with a
favorable outcome (29). Raabe et al. reported a significant
correlation between the serum S100B concentration and contu-
sion volume determined from CT scans (30). With respect to
TBI, some authors have shown a related increase in S100B in
CSF (7, 8, 31). However, details concerning the correlation
between CSF S100B concentration and prognosis in patients
with severe TBI are not sufficiently understood. In our study,
the CSF S100B concentration was significantly higher in
patients with an unfavorable outcome than in patients with a
favorable outcome. Moreover, the CSF S100B concentration
correlated with ICP and with focal mass lesion volume. We
believe, therefore, that CSF S100B concentration provides
greater prognostic value than serum S100B concentration in
the treatment of severe TBI patients.

Early increases in various cytokines in the brain have been
reported in rat brain injury models. Reports show that cyto-
kines such as TNE-a, IL-18, and IL-6 increase, peak within a
few hours after brain injury, and then decrease (10, 11). In
humans, TBI causes release of various cytokines into the CSF
(16, 17, 20, 21). However, in the clinical studies, analysis of
cytokine concentrations was performed only on a daily basis,
and early changes (within 24 hours) in CSF cytokines in
patients with TBI have not been well documented. Like earlier
studies in animal models, our study clearly indicated that CSF
concentrations of cytokines IL-6 and IL-8 peaked by 6 h after
injury, and CSF concentrations of cytokines IL-18, TNF-a,
and TL-10 increased within the first 24 h after injury. Interest-
ingly, CSF concentrations of IL-18, TNF-«, IL-6, and IL-8
were markedly higher than serum concentrations of these cyto-
kines in our patients. These results are consistent with those of
Maier et al. (22), who reported that concentrations of IL-6 and
IL-8 were much higher in the CSF than in the plasma of TBI
patients. They also found that alterations in the blood-brain
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TaBLE 2. Peak concentrations of CSF S100B and CSF cytokines in TBI patients based on Intracranial pressure (ICP)

$1008 IL-18 TNFa IL-6 IL-8 IL-10

{vg'} (pg/mL) (pg/mt) (pg/mL) {pg/mL} (pg/mL)
Patients with high ICP* (n = 6) 1649 + 415 165+3.3 27.1:186 5767 + 1556 6,802 + 2513 18.1£7.3
Patients with low ICP* (n = 17) 233 £ 67 76+16  208:47 5090 + 2165 14,649 £ 2573 10.7+1.8
P valug P < 0.001 P <005 P=0.195 P=0.207 P =0.092 P=0.483

Values are expressed as mean * standard error of the mean.

*High ICP, patient's ICP could not be lowered to below 20 mmHg despite conventional treatments.
tLow ICP, patient's ICP was maintained below 20 mmHg by conventional treatments.
P value obtained by Mann-Whitney U test for the difference between the two groups.
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Fia. 4. Graphs showing serfal changes In CSF S100B concentration
{A) and serial changes in CSF cytokine concentrations (B—F} in HT
group patients (@, n = 11} and NT group patients (O, n = 6). Data are
expressed as mean x SEM values. A, Initial sampling time for CSF. There
wera no significant differences between the two groups.

barrier seemed not to influence the distribution of cytokines in
CSF and plasma after TBI (22). We therefore speculate that
these cytokines originate from neurons, microglia, and astro-
cytes. However, the means by which the excessively increased
IE-18, TNF-a, IL-6, and IL-8 in CSF act in mediating the
inflammatory response remain unclear. The relationship
between the cerebral inflammatory response and the systemic
inflammatory response is yet to be clarified. In contrast to these
proinflammatory cytokines, anti-inflammatory IL-10 was
concentrated less in CSF than in serum throughout most of the
study period. This peculiar distribution of IL-10 was consistent
with that reported by Maier et al. (22). We are now investi-
gating the cause of this notable disproportion between inflam-
matory mediators and anti-inflammatory mediators after TBL

Barbiturate therapy and mild hypothermia were used in our
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Fig. 5. Graph showing correlation between peak CSF $100B concen-
tration and peak CSF IL-18 concentration in the 23 study patients with
severa TBIL.

patients. Barbiturate administration induces human mono-
nuclear leukocytes to release cytokines (32), and S100B may
be released by this agent (33). However, whether barbiturate is
associated with the increase of S100B and cytokines in the CSF
of patients with brain injury could not be determined in this
study because all 23 patients received high-dose barbiturates.
Although hypothermia has been reported to suppress cytokine
production in patients with TBI (22), we found no difference
in the serial changes in cytokine concentrations between
patients treated under hypothermia and those treated under
normothermia.

There are several limitations to our study. First, it may be
argued that the number of patients was small and that it is
therefore difficult to confirm the relationship between the type
of TBI and CSF concentrations of S100B and cytokines.
Secend, we can not clarify to what degree the increase in CSF
S100B and cytokines reflects the extent of ongoing brain
damage because it is not ethically feasible to perform CT scan-
ning every 6 h. Third, we can not ascertain serial changes in
CSF concentrations of S100B and cytokines because it is diffi-
cult to collect CSF samples every 1 or 2 h in the clinical
setting. From the present study, therefore, we can not clarify
whether the increase in CSF S100B directly induces the
increase in CSF IL-1B8 or leads indirectly to the increase in CSF
IL-18.

We measured CSF concentrations of SI00B and cytokines
simultaneously during the initial 96 h after severe TBI, The
CSF S100B concentration peaked in the early phase of severe
TBI, and CSE cytokine concentrations also increased during
the early phase or promptly after the CSF S100B elevation.



SHOCK AucusT 2004 CSF S100B AND CYTOKINES IN SEVERE TRAUMATIC BRAIN INJURY 107
Tase 3. Peak CSF S100B and cytokine concentrations In the TBI patients per outcome
$1008 IL-18 TNFa IL-6 IL-8 IL-10
{Hg/L) (py/mL) {pg/mL) (pg/mL) (pg/mL) (py/ml)
Unfavorable* (n = 8) 1231 £ 378 148+ 34 121:20 4452 & 1022 9266 x 3384 17859
Favorable? (n=15) 267 + 108 73+15 289+83 5701 £ 2472 14,381 + 2660 9916
P value P<005 P =0.057 P=0.155 P =0.561 P=0.155 P=0.388

Values are expressed as mearn + standard error of the mean.
*Patients with a GOS score of 1, 2, 0r 3. ’
tPatients with a GOS score of 4 or 5.

P value obtained by Mann-Whitney

Only the CSF IL-18 concentration correlated with the CSF
S100B concentration. However, we could not uncover the
reason for this correlation. Further study is needed to clarify
the precise relationship between CSF S100B and CSFIL-18 in
severe TBL
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PET measurements of CBF, OEF, and CMRO; without arterial sampling

in hyperacute ischemic stroke: Method and error analysis
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A method for relative measurement of cerebral blood flow (CBF), oxygen extraction fraction
(OEF), and metabolic rate of oxygen (CMRO») using positron emission tomography (PET) without
arterial sampling in patients with hyperacute ischemic stroke was presented. Methods: The method
requires two PET scans, one for H2'*0 injection and one for >0z inhalation, and calculates regional
CBF, CMRO;3, and QEF relative to those at the reference brain region by means of table-lockup
method. In this study, we calculated “relative lookup-tables” which relate relative CBF 1o relative
H;'50 count, relative CMROz to relative 1502 count, and relative OEF to relative '"O»/H2'%0 count.
Two assumptions were applied to the lookup-table calculation: 1) In the reference region, CBF and
OEF were assumed to be 50.0 m//min/100 m/ and 0.40, respectively, 2) Cerebral blood volume
(CBV) was assumed to be constant at 4.0 m#/100 m/ over the whole brain. Simulation studies were
done to estimate the error of the present method derived from the assumptions. Resuits: For relative
CBF measurements, 20% variation in reference CBF gave about £10% error for measured relative
CBF at maximum. Changes in CBV caused relatively large errors in measured OEF and CMRO?
when retative CBF and OEF decreased. Errors for measured relative OEF caused by 50% variation
in CBY were within £8% at 0.8 of relative CBF and £12% at 0.4 of relative CBF when relative OEF
was greater than 1.0, Conelusion: CBV effects caused larger errors in estimated OEF and CMRO;
in the region of the ischemic core with decreasing relative CBF and/or OEF but only slight errors
in the region of “misery perfusion” with relative OEF values greater than 1.0. The present method
makes PET measurements simapler than with the conventional method and increases understanding
of the cerebral circulation and oxygen metabolism in patients with hyperacute stroke of several
hours after onset.

Key words: PET, relative measurement, cerebral blood flow, oxygen metabolism, hyperacute
stroke

INTRODUCTION

EFFECTIVE TREATMENT for patients with hyperacute ischemic

stroke requires urgent and accurate diagnosis of brain

ischemia and ischemic injury in the emergency setting.!?
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Measurement of cerebral blood flow (CBF) in the hyper-
acute stage of cerebral infarction with single photon
emtission computed tomography (SPECT) has been used
to estimate the CBF threshold for subsequent infarction,?
and to predict the probability of hemorrhagic complica-
tions after acute thrombolytic therapy.*® Although these
SPECT-CBF were normalized by reference CBF of the
unaffected cerebral or cerebellar hemisphere instead of
using absolute values, relative CBF threshold provided
reliable signposts for the diagnosis and treatment of the
hyperacute stage of cerebral infarction. In addition to
CBF, measurements of brain metabolism are also strongly
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needed to provide more accurate information on the brain
tissue and the applicability of therapy. Positron emission
tomography (PET) has made possible the quantification
of CBF, oxygen extraction fraction (OEF), and cerebral
metabolic rate of oxygen (CMROQ3).”'% The OEF and
CMRO; can indicate the area with a risk of evolving
infarction. Although these metabolic-related images can
be measured only by PET, the clinical use of PET study
in the emergency setting is not feasible because of the
relatively time-consuming method needed for quanti-
fication. Arterial cannulation for the blood sampling adds
time and is sometimes impossible. Derdeyn et al. recently
applied a count-based PET method to estimate OEF for
prediction of ischemic stroke in patients with sympto-
matic carotid artery occlusion.!"1? This method was first
used by Jones et al.!* and requires no arterial sampling.
Although their studies showed a great prospect of ciinical
PET usage,!!-'2 estimation of the methodological error
has not been precisely evaluated so far.

We here propose a methed for measurement of relative
CBF, OEF, and CMRO; during hyperacute ischemic
stroke. The method requires two PET scans without
arterial sampling, one scan for Hz'30 injection and the
other for '503 inhalation. Regional CBF, CMRQ3, and
BOFF are determined as relative to values in a reference
brain region by means of a table-lookup procedure.®!# In
this study, we calculated “relative lookup-tables” which
relate relative CBF to relative H3'30 count, relative
CMRO3 to relative *O3 count, and relative OEF to
relative '502/H2'30 count, Two assumptions were ap-
plied to the lookup-table calculation: 1) In the reference
brain region, CBF and OEF were assumed to be 50.0 m¥/
min/100 m{ and 0.40, respectively, 2) Cerebral blood
volume (CBV) was assumed to be constant at 4.0 m{/100
m! over the whole brain. Errors in retative CBF, OEF and
CMRO; introduced by the assumptions were estimated by
a simulation study.

To examine the applicability of the present method, we
compared CBF, OEF, and CMRO; measured by the
present method with quantitative values using arterial
sampling data for 6 chronic stroke patients. We also
presented relative CBF, OEF, and CMRO: images of a
hyperacute stroke patient as an-example of the applica-
tion, which revealed a state of “misery-perfusion”.

MATERIALS AND METHODS

Model

Calculations of the PET count for the H2'30 injection
were based on the single-compartment mode] for diffus-
ible tracers originally developed by Kety.!S Tissue con-
centration of Hz2'30, CH29(s), is described by the follow-
ing equation.

CMOn) = fCn®e bt (Eq. 1)
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where fis a CBF, p is a partition coefficient of water in
tissue to blood, and Ci{r) is the arterial concentration of
H,'%0, which is usually measured by continuous arterial
sampling for quantitative PET measurement. ® denotes
the convolution. CM2%¢) and C{t) are already corrected
for radioactive decay. The PET count is given by inte-
grating the tissue concentration over the scan time and
is normalized to the PET count at the reference region to
obtain the “relative H:'30 count,” Ru,0, as follows:
Ruo= [ CPo0a [ iR par Eq.2)

where Tis the scan time and CH?°(1) is the concentration
of H2'30 at the reference region. In the present study, the
ipsilateral cerebellum was chosen as the reference region.
By assuming an absolute CBF value at the reference
region, Ru,0 can be calculated as a function of relative
CBF normalized at the reference brain region, Rcer. The
calculated Ru,o is a table of the relative H2'30 count-
relative CBF relation and is called “relative lookup-table”
in this article. We can determine the relative CBF from
the measured relative Hz'30 count by using the relative
lookup-table. '

For 1503 inhalation, the model developed by Mintun et
al.! for the measurement of OEF and CMRO; considers
150; in the vascular space and metabolized H,'%0, and
gives the measured activity of 130, C2%(¥), as

CO) = EFCO() ® e+ VR(1 - 0.835E)C20)
+fCn® 5t (Eq. 3)

where C2(r) and C¥(7) are the arterial concentrations of
150, and H,'*O, respectively, Eis an OEF, VisaCBV, and
R is a small-to large-vessel hematocrit ratio. CPx(1) con-
sists of three components: activity of Hz'30 metabolism
created locally from 130, extracted to the tissue, activity
of unextracted %O in the vascular spaces, and activity of
H,"%0 by arterial recirculation of Hz'30 from alf tissues.
The CMROz s related to the CBF and OEF as

CMRO, = 0EF - CBF ' [(;] (Eq. 4)

where {Q3] is the total oxygen content of arterial blood.
The PET count is given by integrating the tissue concen-
tration over the scan time and is normalized to the PET
count at the reference brain region to obtain the “relative
130, count,” Ro,, as follows:

Ro, = f0 Tcoxnar] ,{] TCondr (Eq. 5)

where C2#(1) is the activity in the reference region. By
assuming absolute CBF and OEF values at the reference
region, Ro, can be calculated as a function of relative
CMRO; normalized at the reference region, Rcmro,. As
known by Eq. 4, Ro, is also a function of relative CBF and
OEF. In the calculation of Ro,, CBV is assumed to be
constant over the whole brain. As with CMRO3, “relative
1505/H,'50 count,” Roym,0. is calculated as a function
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of relative OEF, Roer. By applying calculated Ro, and
Ro.mso catled “relative lookup-table,” we can determine
the relative CMRQ; and OEF from the measured relative
150, and '%02/H,"%0 counts, respectively.

Simulation Study

We performed the calculation of the relative lookup-table
and the simulation study to estimate the errors of the
present method. We used Eq. 1 and Eq. 3 to calculate the
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Fig.1 The arterial activity curve used in simulations and the
calculated tissue activity curve for 120 sec slow infusion of
Hz'%0 (A) and 90 sec inhalation of %01 (B) are shown. The
actual human data as an example are also shown. The tissue
activity was calculated under the conditions of 50.0 mi/min/100
mi for CBF, 0.40 for OEF, and 4.0 m{/100 m! for CBV. To
caleulate 503 activity, we need the fractions of 30, and H2'%0
to total arterial activity; therefore, the Ha1!'S0O fraction from
recirculation is also shown. The tissue activity curves were
integrated from 0 s to 180 s to calculate the PET count.

Table 1 Patient information

Pat. year/sex vascular lesion after onset
1 75/F Lt. IC stenosis (>95%) | month
2 52/M Lt. IC occlusion 6 months
k] 71/F Rt. IC stenosis (>90%)  asymptomatic
4 67/M Lt. MCA stenosis 1 month
5 62/M Rt. IC stenosis 1 month
6 70/M Rt. IC stenosis (>80%) 3 months
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activity curve as a function of the time after tracer supply
for various CBF and OEF. The results were integrated
over the scan duration, 180 second for both Eq. 2 and Eq.
5, then converted to the relative lookup-table. p was fixed
‘at 0.8 ml/m!{ in all calculations. The parameters for cal-
culations in the reference region were fixed at 50.0 mi/
min/100 m! for CBF and 0.40 for OEF. CBV was assumed
to be constant at 4.0 m#/100 m/ over the whole brain.
The arterial activity curves used in the present calculations
are shown in Figure 1. The curves for H'°0 injection
and '*0 inhalation were described by the functions,
t exp(—1/89.3) and 12 exp(—(#/50.7)!%) + 22.81%3, respec-
tively, which reproduced well the typical arterial activity

—— T — :
b — frar = 50 ml/min/100 ml
----- fe = 60 mlfmin/100 mi
Lo frer = 40 mi/min/100 ml o
1.0 .
o e
e e
o s
2
k=
& 0.5+ s i
0 — n " L i " i i i 1 " .
0 Q.5 1.0 1.5

Relative CBF

Fig. 2 Calculated relative Ha'50Q PET count as a function of
relative CBF. Both PET count and CBF were relative values to 4
the reference, and the reference CBF (f) was assumed to be
50.0 mi/min/100 m!. Calculated results with reference CBF
values of 40.0 and 65.0 mi/fmin/100 m! are also shown,

10]_fo (true) = 60

ol-50 ]

Error for estimated relative CBF (%)

Assumed f,; = 50 ml/min/100 mi

. 1 L e
5% 0.5 1.0 15

Relative CBF

Fig.3 Errors in the measured relative CBF by the table-tookup
procedure where the reference CBF (fier) was assumed to be 50.0
mi/min/ 100 m/ but the actual CBF (fir (true)) was 40.0 or 60.0
mMmin/100 ml.
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Fig. 4 Calculated relative 1502 (A) and '%02/H2'*0 (B) PET counts as a function of relative CMROa
and OEF, respectively. For the reference region, 50.0 m#/min/100 mf CBF (frr), 0.40 QEF (Ewr), and 4.0
mi/100 m! CBV were assumed. The whole-brain CBY was assurmed to be 4.0 mi/100 m/, the same as
the reference region. The results for the relative CBF from 0.2 to 1.0 were presented.
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Fig. 5 Erors in measured relative OEF (A) and CMRO; (B) where the reference CBF (f.4) was assumed
to be 50.0 mimin/100 ml but the actual CBF {fer (true)) was 40.0 or 60.0 ml/min/100 ml, which
correspond to £20% variations of the reference CBF. Errors are shown for two cases, when refative CBF
was 0.8 (low-grade ischemia) and 0.4 (high-grade ischemia), respectively.
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Fig. 6 Errors in measured relative OEF (A) and CMRO; (B) where the reference OEF (Ey.) was assumed
to be 0.40 but the actual OEF (Ewr (true)) was 0.32 or 0.48, which correspond to £20% variations of the

reference OEF.

measured at our institute after stow infusion of Hy'50
for 120 second and continuous inhalation of 1303 for 60
second. Figure 1 also show actual human data as an exam-
ple. For 1°0; calculations, arterial concentrations of 150,
and Hy*%0, C2(1) and C¥() in Eq. 3, are required rather
than total arterial activity. The fractions of C2(s) and
C(0) relative to the total activity were estimated accord-
ing to the method of Tida et al.'é

We next performed calculations to estimate the effects
of errors in the reference parameters. The calculations
were done with reference CBF values between 40.0 and
60.0 m{/min/100 m{ and reference OEF values between
0.32 and 0.48, which correspond to 20% error in the
assumed values, Although CBV was fixed at 4.0 m¥100
m/ in the above calculations, we did other calculations in
which the CBV varied between 2.0 and 6.0 m¥/100 m! to
estimate errors introduced by assuming a constant CBV.

Patient Study

To examine the differences between relative values by the
present method and quantitative values, we performed a

Vol. 18, No. 1, 2004

PET study with arterial blocd sampling for 6 unilateral
stroke patients in the chronic stage. The measurements
were performed with a Headtome-V PET scanner,!? and
the PET procedures were the same as in the previous
studies.'®!® The patient information was summarized in
Table 1. We computed two image sets for each patient,
relative CBF, OEF, and CMRO; images by the present
method, and absolute images by the conventional method
using the blood data. CBV effects for quantitative OEF
and CMRO:z were corrected by PET measurements with
C 130 inhalation.'®?2 For relative CBF, OEF, and CMRO;
images, ipsilateral cerebellum was chosen as the refer-
ence region, For region of interest (ROI) analysis to
calculate lesion-contralateral hemisphere ratio of CBF,
OEF, and CMROQgz, we picked one hypo-perfused slice for
each patient. The circular ROIs with 16 mm diameter
covered the cerebral cortex of the lesion and contralateral
hemisphere, and lesion-contralatera) ratios were calcu-
lated for each patient and each image.

We also performed PET measurement without blood
sampling for a patient (67-year-old female, 4 hours after
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Fig. 7 Emors in measured relative OEF (A) and CMROz (B) caused by CBV variation. The CBV was
between 2.0 and 6.0 m{f100 mf, but the reference CBV was fixed at 4.0 m//100 ml.

onset of MCA occlusion), as an example of the applica-
tion for hyperacute stroke.

RESULT

Relative CBF

A calculated relative lookup-table which relates the re-
lative H2'50 PET count (Ru,0) to relative CBF (Rcgr) is
shown in Figure 2. The reference CBF was assumed to be
50.0 m//min/100 m!. From the relative lookup-table and
the measured relative PET count, we can determine re-
lative CBF by means bf the table-lookup procedure. For
example, if the relative PET count was 0.53, we can
determine relative CBE to be 0.40. The lookup-tables for
40.0 and 60.0 m{/min/100 m! of the reference CBF are
also shown in Figure 2. The errors in measured relative
CBF resulting from the table-lookup method (reference
CBE was assumed to be 50.0 m¥/min/100 m!) for each case
where the true reference CBF was 40.0, 50.0, or 60.0 ml/
min/100 m/ are shown in Figure 3. A discrepancy between
the assumed and true reference CBF caused an error in the
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measured relative CBF, but there was no error if the
assumed reference CBF was equal to the true reference
CBE. For reference CBF variations between 40.0 and 60.0
mi/min/100 mi, the error was less than £10%.

Relative CMRO; and OEF

A calculated relative lookup-table which relates the rela-
tive 150, PET count (Ro,) to relative CMROz (Rcmroy) is
shown in Figure 4 (feft panel). The reference CBF and
OEF values were assumed to be 50.0 m#/min/100 m! and
0.40, respectively. CBV in the whole brain was assumed
to be 4.0 m!/100 m!. Because the relative 1302 PET count
depends not only on the relative CMRO2 but also on the
relative CBF, the results for various relative CBF values,
1.0,0.8, 0.6, 0.4, and 0.2, are shown. A calculated relative
lookup-table which relates the relative '*02/H,'°0 PET
count (Roy;0) to relative OEF (Ror) is shown in Figure
4 (right panel). The reference CBF and OEF were the
same as those in the 07 PET count calculations. As with
relative CBF, lookup-table and measured relative PET
counts allow for the determination of relative CMRO;
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Table 2 Lesion-contralateral ratios of CBF, OEF and CMRO; by two metheds, and the ratio
of the present method (relative method) to quantitative method (absolute method)

P Quantitative PET Relative PET Rel./Quant.

f.

3 CBF OEF CMRO: CBF OEF CMRO: CBF QOEF CMRO:
1 0.884 1.030 0.911 0.896 1.035 0.928 1.013 1.005 1.019
2 0.830 1.073 0.286 0.844 1.073 0.902 1.018 1.000 1.018
3 0.956 1.106 1.058 0.959 1.129 1.082 1.003 1.021 1.023
4 0.831 0.905 0749 0.833 0.901 0.746 1.002 0.995 0.996
5 0.797 1.195 0.944 0,799 1.208 0.957 1.002 1.011 1.014
6 0998+  1.000

0.800 1.044 0.836 0.800 1.042 0.836 1.001

Relative :
CBF

Relative
CMRO, - -

Fig. 8 Images of relative CBF (left), CMRO:z {center), and OEF {right) from a 67-year-old woman with .
right middle cerebral artery occlusion. PET measurements after H3'*0 injection and 30z inhalation
were made 4 hours after onset, Application of region of interest {(ROI) markers on the lesion and the
contradateral brain regien is shown. Ratios of lesion to contralateral CBF, CMRO;, and OEF were 0.415,' ‘

0.71 and 1.60, respectively.

and OEE. The errors of measured relative OEF (A) and
CMRO; (B) where the true reference CBF was 40.0, 50.0,
or 60.0 m#/min/100 m! but was assumed to be 50.0 m/
min/100 m! are shown in Figure 5. CBF of 40.0 and 60.0
m!/min/100 m! correspond to $20% error of the assumed
reference CBF (50.0 m/min/100 ml). In Figure 5, the
errors for two cases in which relative CBF was 0.8 and 0.4
corresponding to low- and high-grade ischemia, respec-
tively, are shown. The errors of measured relative OEF
caused by the inadequate assumption of the reference
CBF with 20% error were smaller than 3% at relative OEF
greater than 1.0 but were larger at low relative OEF
values. The errors of measured relative CMROz showed
the same trends as those of relative OEF but were about
+6% at relative CMRO; values greater than 0.5 for high-
grade ischemia. The errors of measured relative OEF (A)
and CMRO; (B) for each case in which the true reference
OEF is 0.32, 0.40, or 0.48, but is assumed to be 0.40, are
shown in Figure 6. The errors of measured relative OEF
and CMRO; caused by the inadequate assumption of the
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reference OEF with 20% error were similar and were
smaller than 5% at relative OEF values greater than 1.0
and at relative CMRO values greater than 0.5.

CBV effects on measurement of relative OEF (A) and
CMRO; (B) are shown in Figure 7. The CBV varied
between 2.0 and 6.0 m/100 m/ which correspond to
+%9 of 4.0 mi/100 ml, but the reference CBV was fixed
at 4.0 m{/100 ml. The errors of measured relative OEF
increased as relative OEF and relative CBF decreased. At
high OEF values (relative OEF > 1.0}, relative OEF erTors
were less than 8% at 0.8 of relative CBF and £12% at
0.4 of relative CBF. In calculation of the CMROy, the
magnitude of error was at the same level as that of relative
OEF, but decreased as relative CBF decreased.. .. .-

Patient Study T S T E I R
Lesion-contralateral ratios of CBF, OEF and CMRO: by
two methods for 6 unilateral stroke patients in the chron-
ic stage were summarized in Table 2, The ratio of the
present method (relative method) to quantitative method

O SRR A SRS I TP
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(absolute method) was also shown. The maximum differ-
ence between the two methods, 1.023, appeared in CMRO:
for patient 3.

Relative CBF, CMRO3, and OEF images from a 67-

year-old woman with right middle cerebral artery occlu-

sion representative of application of the present method to

hyperacute stroke are shown in Figure 8. PET measure- .

ments after H2!50 injection and '*0z inhalation were
performed 4 hours after stroke onset with a Headtome-V
scanner (Shimadzu Corp., Kyoto, Japan).!” Total meas-
urement time including preparation and transmission scan-
ning for attenuation correction was 30 min. Relative CBF, .,

CMRO;, and OEF in each pixel were calculatgd by means.

of the relative table-lockup method. Application of the "
region of interest (ROI) on the lés.igi_'t_aind contralateral
brain region is shown (Fig. 8). CBF, CMROy, and OEF .
values relative to the reference brain region (cerebellum)
were 0.33/0.73 (lesion/contralateral side), 0.59/0.83, and
1.81/1.13, respectively. Therefore, ratios for the lesion to
the contralateral side for relative CBE, CMRO», and OEF
were 0.45, 0.71, and 1.60, respectively. These values
indicated a state of “misery-perfusion” with CBF de-
creased and OEF increased to maintain the CMRO,.%°

_DISCUSSION

Quantitative PET measurement of brain circulation and
metabolism needs some complicated procedures, and
takes more than 1 hour even for the basic examination to
obtain the data of CBF, CMRO2, and OEFE. Arterial can-
nulation into the radial artery for input function measure-
ment is the most time-consuming and invasive process,
and it lengthens the total examination time of PET study.
Especially in the emergency setting, examination for di-
agnostic imaging should be sufficiently shortened to
decide the appropriate therapeutic strategy with minimi-
zation of painful procedures. We presented a method of
relative PET measurement for cerebral circulation and
oxygen metabolism during hyperacute stroke. Because
this method is based on measurements of relative PET
counts, we need only two emission scans after H,!150
injection and 130 inhalation; blood samples are not
needed. This makes the PET measurements simpler than
the conventional quantitative measurements, shortens the
scan time, and is suitable in the emergency setting for
patients with hyperacute stroke. We estimated that a total
measurement time of only about 30 min or less including
preparation and transmission scanning would be needed.
The present method provides information on “misery-
perfusion” indicated by an increased OEF of the ische-
mic brain region, which can be measured only by PET.
In the present method, we can determine the relative
CBF from the measured relative Hz'30 PET count by
using calculated relative lookup-table. Relative 302 PET
counts depend not only on relative CMRO;z but also on
relative CBF and OEF because 150, PET count is a linear
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*_count as the relative OEF predicting the risk of stroke.

function of OEF and a nonlinear function of CBF (Eq. 3).
This means that the relative CMROz can not be deter-
mined from the relative 130, PET count alone: both the
relative 50, and H2!30 PET counts are required. For
example, when the relative H2'30 PET count of 0.53
corresponding to 0.40 for relative CBF and the relative
150, PET count of 0.77 are measured, we can determine
the relative CMRO3 as 0.60 and the relative OEF as 1.50
by using relative lookup-table for 0.40 of relative CBF.
By applying these procedures to Hz*%0 and 150, images
pixel by pixel, we can obtain relative CBF, OEF, and

. CMRO; images. Derdeyn et al. applied relative OEF

measurements in patients with symptomatic carotid ar-
tety occlusion and looked on the refative 150,/H,150 PET
112
A seen in Figure 4 (right panel), however, there is not a
one-to-one correspondence between relative 150,/H,150
PET count and relative OEF, For example, a relative 1502/
H,'50 PET count of 1.0 corresponds to arelative OEF of
between 0.63 and 1.0, depending on the relative CBF.
Thus, we should estimate relative OEF from the measured
relative 1505/H,150 PET count with consideration of
relative CBE.

 We examined the differences between the present

’ method and conventional quantitative method for lesion-
- contralateral ratios of CBF, OEF, and CMRO for chronic
. stroke patients. The difference between the present method

(relative method) and quantitative method (absolute
method) were relatively small as shown in Table 2, and
within the valuation by the simulations. The maximum
difference between the two methods, 1.023 of CMRO; for
patient 3, was due to CBV effect. Lesion-contralateral
ralio of CBV for patient 3 measured by C'*O inhalation
was about 1.2 and the highest among the patients, al-
though these data are not shown in this article. CBF
decreases in the patients were relatively mild (0.797-
0.956), and therefore further study of a large number of
patients with various CBF would be desirable to validate
the applicability in various types of patients.

Simulations resulted in different curves depending on
the vatue of the assumed reference CBF (Fig. 2). This was
caused by the nonlinear relation between PET count and
CBF. The reference CBF variation between 40.0 and 60.0
m¥/min/100 m!, corresponding to £20% variation from
50.0 m{/min/100 m/, introduced a maximum +10% error
in the measured relative CBF at'its low range; larger
variations will cause larger errors. In other words, we can
determine the relative CBF with a less than £10% ervor if
variation in the reference CBF remains less than £20%.
This suggests that care must be taken when selecting the
reference region. An unaffected region, such as the ipsi-
lateral cerebellum, must be chosen to reduce errors in
measured CBF.

The calculation results showed the existence of 302
PET counts even if OEF equals 0. This was caused by 1502
activity being distributed in the vascular space that was
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not extracted into the tissue space and Hy'%0 activity by
recirculation water, This offset effect emphasized the
errot at Jow OEF and CMRO; values, but the errors rapid-
ly decreased at higher values (Figs. 5, 6). If the main in-
terest of the study is the detection of “misery-perfusion™
in which the OEF increases to maintain CMRO: as CBF
decreases, the simulations yielded positive results be-
cause the errors caused by variation of assumed CBF and
OFEF reference values were relatively small at high range,
less than 6% at relative OEF values greater than 1.0 and
relative CMRO7 values greater than 0.5,

Because the present method applies only two PET
scans, we can not obtain CBV which can be measured
quantitatively by C150 inhalation.?! In quantitative oxy-
gen metabolism measurements, CBV is known to be one
of the major error sources.?>-** For the calculation of the
relative lookup-table, we assumed a constant CBY value
in whole brain. This results in identical CBV values for
both the normal and affected brain region, possibly caus-
ing significant errors of measured relative CMRO; and
OEF. The degree of the CBV variation in the brain of the
acute stroke patient is still controversial. Powers et al.
perforrmed PET study for 7 patients with unilateral carotid
artery occlusion and CBF reductions in ischemic but
uninfarcted regions of brain, They reported increased
CBYV in regions with decreased CBF, with the CBV ratio
of symptomatic to asymptomatic hemisphere of the 7
patients varying between 1.0 and 1.5.%° Hatazawa et al.
reported CBV measurement by dynamic susceptibility
contrast-enhanced MRI for 9 patients with unilateral
occlusion of either the middle cerebral artery or internal
carotid artery within 6 hours after onset.? In the brain
regions with mild (relative CBF > 0.60) and moderate
{0.40 < relative CBF < 0.60) hypoperfusion, the mean
relative CBV values were 1.29 £ 0.31 and 0.94 £ 0.49,
respectively. Derdeyn et al. investigated the relationship
between CBV and OEF in a large sample of patients with
unilateral carotid artery occlusion enrolled in a prospec-
tive study of hemodynamic factors and stroke risk.?’
They showed that the ipsilateral-to-contralateral CBV
ratio varied between 0.7 and 1.5. Based on these data, the
present simulations showed the effect of CBV errors, 50%
variation at 4.0 m#/100 m/. When measuring relative OEF
and CMRO,, lower relative CBF and OEF values will
introduce larger errors. A reduction in CBF and OEF
increases the ratio of the residual 30z in the vascular
space to that extracted into the tissue and emphasizes the
CBYV effects. For example, when detecting “misery-per-
fusion,” the measured OEF errors introduced by CBY
effects are less than 8% for low-grade ischemia (0.8 of
relative CBF) and £12% for high-grade ischemia (0.4 of
relative CBF). Again, we emphasize that CBV effect must
be considered for the change of relative OEF in the ische-
mic core, whereas relative OEF in the remediable area
for hyperacute thrombolytic therapy would be subject
to less error by CBV effect.
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CONCLUSION

We presented a method for PET measuremént'df relative
CBF, OEF and, CMRO: with H'%0 injection and 30,
inhalation. The method is feasible to apply in patients with
the hyperacute stage of cerebral infarction without the
need for arterial sampling, In the present method, relative
CBF, OEF, and CMRO» are determined by the table-
lookup procedure. For the calculation of the relative
lookup-table, CBF and OEF in the reference brain region
were assumed to be 50.0 ml/min/100 m/ and 0.40, respec-
tively. Cerebral blood volume (CB V) was assumed to be
constant at 4.0 m//100 m/ over the whole brain. For
relative CBF calculation, the present simulation study
revealed that 20% variation of the reference CBF value
resulted in a maximum error of about 10%. CBV effects
caused larger errors in measured OEF and CMRO: when
CBF and/or OEF were severely decreased, mandating
caution when analyzing the heavily damaged ischemic
core. Sequential measurements of cerebral circulation
and oxygen metabolism by the present method within a
sufficiently short examination time would easily demon-
strate the present salvageable area in an emergency and
would have the possibility to provide useful information
for application of thrombolytic or neuroprotective therapy
in patients with hyperacute stroke.
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Effect of Astrocytic Energy Metabolism Depressant on
14¢_Acetate Uptake in Intact Rat Brain
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Summary: Fluorocitrate, a selective astrocytic toxin, was mi-
croinjected into the right striatum of rat brain, and the regional
distribution of '*C-acetate was measured using autoradiogra-
phy. A significant reduction (more than 80%) in *C-acetate
uptake over a 5-minute period was observed in the right stria-
tum, compared with that in the left striatum {saline infused), 4
hours after fluorocitrate (1 nmol/pL) infusion. This effect was
transient, and ¥*C-acetate uptake had almost returned to normal

at 24 hours after the fluorocitrate infusion. In contrast, the
regional blood flow in the strjatum, as determined using (5
iodoamphetamine, was significantly increased by the fluoroci-
trate infusion. The present observations indicate that 'C-
acetate uptake might be a useful characteristic for examining
astrocytic energy metabolism in the intact brain. Key Words:
14 acetate—Astrocytic metabolism—Fluorocitrate—Rat.

Acetate has been used as a selective characteristic for
examining astrocytic energy metabolism both in vitro
and in vivo (Cerdan et al., 1990; Hassel et al., 1995).
14C_acetate is rapidly (within minutes) incorporated into
amino acids derived from the TCA cycle in the brain,
producing labeled glutamine with a higher specific ac-
tivity than that of glutamate, its obligatory precursor, this
finding is explained by the “small” (astrocytic) pool of
glutamate with a rapid turmnover that is segregated from
the “large” (neuronal) glutamate pool (Berl, 1973) and
by the cellular localization of glutamine synthetase,
mainly in astrocytic cells (Martinez-Hemnandez et al,
1977). Autoradiographic or positron emission tomogra-
phy (PET) studies using *H or ''C-acetate have also
revealed that acetate is selectively taken up into astro-
cytes (Muir et al., 1986) and metabolized to 1e.co,
(Shields et al., 1592).

The selective uptake and metabolism of acetate by
cultured astrocytes, compared with synaptosomes and
cultured neurons, has been confirmed biochemically and

. appears to result from the preferential transport, but not
metabolism, of acetate into astrocytes (Waniewski and
Martin, 1998). The activity of acetyl-CoA synthetase, the
first enzymatic step in acetate use, was greater in synap-
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tosomes than in astrocytes, whereas acetate uptake was
much more rapid in astrocytes than in synaptosomes.
Using NMR, Hassel et al. (1997) also reported that
blocking the astrocytic TCA cycle using fluoroacetate,
which metabolite fluorocitrate inhibit aconitase in the
astrocytic TCA cycle, did not prevent the entry of acetate
into mouse brain. We performed an autoradiographic
study using the microinjection of fluorocitrate, a selec-
tive astrocytic toxin, into the right striatum of rat brain,
to determine whether the inhibition of astrocytic metabo-
lism affects acetate uptake in intact brain and found that
the fluorocitrate induced a significant reduction in 4c.

acetate uptake. ‘

MATERIALS AND METHODS

Animals and chemicals

Male Wistar rats (7 to 8 weeks old) were purchased from
Japan SLC (Shizuoka, Japan). The rats were housed under a
12-hour, light-dark cycle and allowed free access to food and
water. All experiments on the rats were performed with the
permission of the Institutional Animal Care and Use Commit-
tee, School of Allied Health Sciences, Osaka University.

DL-fluorccitric acid barium salt was cbtained from Sigma-
Aldrich Co. (St. Louis, MO, U.8.A.) and prepared as described
by Paulsen et al. (1987). 1-'“C-acetate (specific activity, 2.0
GBg/mmol) was obtained from Perkin Elmer Life Science Inc
(Boston, MA, U.5.A). N-isopropylmethyl-1,3-'“C-p-
iodoamphetamine hydrochloride (**C-IMP; specific activity,
2.1 GBg/mmol) was obtained from American Radiolabeled
Chemicals Inc. (St. Lovis, MO, U.S.A).

DOTL: 10.1097/01.WCB.0000098606.42140.02
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..  FIG. 1. (A) Time course of radioactivity concentrations in the
. striatum after IV injection of '*C-acetats. Rats were injected with
.- fluorocitrate {2 nmal) in the right striatum (solid square) or saline
- {open square) 4 hours before the tracer injection. Each value

represents the mean + SD. Significant differences were observed
between the saline- and flucrocitrate-injected striatum [F'2° =

. - 69.60, P < 0.001). (B} Striatal uptake of '*C-acetate {5 minutes)
-~ expressed as the proportion of the value on the drug-injected side
. to that on the saline-injected contralateral side. Each value rep-
1% resents the mean + SD of 3 to 6 animals. *P < 0.05, *P<0.01 vs.
.+ saling-injected striatum (paired ttest); +£ < 0.05 vs. fluorocitrate-
. Injected striaturn (24 hours, unpaired test).

- - Surgery on rat brains and infusion of fluorocitrate
"', The rats were anesthetized with pentobarbital (50 mg/ke,
.1.p.) and placed in a stereotaxic apparatus, Bilateral 26-gange
-, stainless steel guide cannulas fitted with 33-gauge stainless
' ~steel obturators were implanted into the striatum, according to
" the atlas of Paxinos and Watson (1998); 0.2 mm anterior to the
. bregma, 3.2 mm lateral to the midline, and 2.0 mm below the
..~ cortical surface, The guide cannulae were then fixed to the skull
- using stainless stee} screws and acrylic cement. The rats were
" then allowed to recover for several days.
_;~ 'Fluorocitrate (0.2 to 2 nmol/pL) was infused through the
.- - infusion cannulag (33-gauge, 3.5 mm longer than the guide
- cannilae) and into the right striatum of each rat while the rat
- -was awake, The infusion was performed for 4 minutes at a flow
c.orate of 0.25 pL/min, and the infusion cannulas were left in
.. place for an additional 3 minutes to reduce the reflux of infused
. .. drugs alongthe cannula track. At the same time, saline solution
1 (1 pL) was infused into the left striatum,

Ini vivo autoradiography

"77At 4 or 24 hours after the intrastriatal drug infusion, the
" animals were given an intravenous bolus injection of **C-
: ‘_'acetate (185 kBg/rat) dissolved in 0.5 mL of saline; 1, 3, 5, or

10 minutes later, the animals were killed by decapitation under
“a light anesthesia with diethyl ether. To measure the local ce-
-tebral blood flow, the rats were intravenously injected with

o YC-IMP (185 kBag/rat) dissolved in 0.5 ml. of saline over a
", 30-second period and immediately decapitated. The brains
-were quickly removed and frozen. Coronal sections (20 jurm)
" were prepared in a cryostat at —20°C and placed in contact with
* -an imaging plate (Fuji Film Co. Ltd., Tokyo, Japan) for several
 days. The photo-stimulated luminescence (PSL) values in each

region of the autoradiograms were then determined using the

. Bio-Imaging Analyzer System (BAS-1500; Fuji Photo Film).
- The radioactivity concentrations in regions of interest (ROIs)
 were expressed as {(PSL-background)/area (mm?) [{PSL-

BG)/A), and the data were expressed as the proportion of the
value on the drug-injected side to that on the saline-injected
contralateral side,

Statistical analysis
Values were expressed as the mean + SD (in each group),
and the changes in the values compared using the Student's
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paired or unpaired ¢-test. Differences between the saline and
fluorocitrate-treated striatum in the time course study were ex-
amined using two-way ANOVA.

RESULTS

The kinetics of '*C-acetate uptake in rat striatum is
shown in Fig. 1. 'C-acetate was rapidly incorporated in
the saline-injected striatum and reached a plateau at 3 to
10 minutes after the injection of the tracer. On the other
hand, fluorocitrate (2 nmol) significantly decreased the
radioactivity concentrations in the striatum. At 1 minute
after the "*C-acetate injection, the radioactivity level in
the drug-injected striatum was less than 20% of that ob-
served in the saline-injected striatum. Plasma radioactiv-
ity, as counted using a liquid scintillation counter,
reached a maximum at 1 minute after the '“C-acetate
injection, and the washout at 10 minutes postinjection
was less than 40% of its peak values.

The fluorocitrate (1 nmol) caused a significant reduc-
tion in '*C-acetate uptake in the rat striatum 4 hours after
infusion, with less than 20% of the radioactivity remain-
ing (Figs. 1 and 2). This reduction in uptake had recov-
ered after 24 hours, although some variation among the
animals was observed. On the other hand, autoradio-
grams of "C-IMP 4 hours after infusion revealed a sig-
nificant increase in regional blood flow in the right stria-
tum (167 = 57%, P < 0.05 vs. saline-injected striatum, n
= 7) (Fig. 2C).

DISCUSSION

In the present study, a significant decrease in #C-
acetate uptake in the striatum was observed 4 hours after
the microinjection of fluorocitrate, The effect of fluo-
rocitrate on “C-acetate uptake had almost completely
disappeared 24 hours after the infusion. On the other -
hand, the regional blood flow in the right striatum mea-
sured with *C-IMP was significantly increased by the

fluorocitrate infusion after 4 hours. ¥
(A) (B) ©
saline FC saline FC saline FC

i s & (e
i S s TR

FIG. 2. Typical aitoradiograms of the rat brain. (A) Incorporation
of ™C-acetate over a 5-minute period 4 hours after the intrastria-
tal infusion of fluorocitrate (FC, 1 nmol}. (B) Incorporation of 14C-
acetate over a 5-minute period 24 hours after the intrastriatal
infusion of flucrocitrate {FC, 1 nmol). {C) Incorporation of *C-IMP
4 hours after the intrastriatal infusion of fluorocitrate (FC, 1 nmol,
167 £ 57%, P < 0.05 vs. saline-injected striatum, n = 7).
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Fluorocitrate has been used as a selective inhibitor of
aconitase in the astrocytic TCA cycle. The intrastriatal
injection of 1 nmol of fluorocitrate caused a severe re-
duction in the glutamine level 4 hours after the infusion,
and this metabolic inhibitory effect disappeared within
24 hours (Paulsen et al., 1987). It has also been reported
that fluorocitrate caused reversible ultrastructual alter-
ations that were selective for glia (Panlsen et al., 1987).
Therefore, *C-acetate uptake in the rat brain appears to
occur in parallel with astrocytic energy metabolism and
reflects astrocytic conditions.

The rapid uptake of 4. acetate might be mediated
by monocarboxylate transporter {MCT). To date, nine
members of the MCT family have been characterized
(Halestrap and Price, 1999; Juel and Halestrap, 1999;
Price et al.,, 1998); MCT1 is expressed in astrocytes,
whereas MCT?2 is expressed in neurons (Broer et al.,
1997: Pierre et al., 2002). The time course of the radio-
activities in the left striatum in this study is similar to the
previous report (Berl and Frigyesi, 1969). The uptake of
140 acetate in the right (fluorocitrate-infused) striatum
was significantly lower than that in the left (saline-
infused) striatum at all of the time points after the injec-
tion of the tracer in this study (Fig. 1), indicating that
delivery process by MCT1 was decreased or reversible
transport process was promoted. Previous studies
showed that the inhibition of the TCA cycle by fluoro-
acetate, which is metabolized to fluorocitrate that inhibits
aconitase of the astrocytic TCA cycle, did not prevent the
entry of acetate into mouse brain, as visualized using
NMR (Hassel et al., 1997). Therefore, one possible
mechanism for reduction in *C-acetate uptake in this
study is the increment of both delivery and clearance
caused by the higher blood flow (Fig. 2C).

Acetate can also be labeled with ''C, a short half-life
positron emitter, enabling astrocytic energy metabolism
to be measured in living human brains using PET. To
date, the 2-DG and FDG methods have been extensively
developed for the study of brain metabolism in vivo.
Whereas these procedures enable excellent regional
metabolic differentiation, they cannot distinguish be-
tween neuronal and astrocytic metabolism. Such differ-
entiation would obviously be useful in gaining a better
understanding of the contribution of astrocytic metabo-
lism to brain function and of the metabolic interactions
between neurons and astrocytes. This study strongly sug-

J Cereb Blood Flow Metab, Vol. 24, No. 2, 2004

gested that ''C-acetate may be an appropriate marker for
investigating putative abnormalities in astrocytic energy
metabolism in human brain disorders.
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Src Family Kinase Inhibitor PP1 Reduces Secondary Damage
after Spinal Cord Compression in Rats

CHIHIRO AKIYAMA,! TAKAMICHI YUGUCHI,2 MASAMI NISHIO,!
TAKAHIRO TOMISHIMA,! TOSHIYUKI FUJINAKA,! MASAAKI TANIGUCHI,!
YOSHIKAZU NAKAJIMA,! EIJI KOHMURA,? and TOSHIKI YOSHIMINE!

ABSTRACT

The synthetic pyrazolopyrimidine, 4-amino-5-(4-methylphenyl)-7-(t-butyl)pyrazolo[3,4-d]pyrimi-
dine (PP1) is a novel, potent, and selective inhibitor of Src family tyrosine kinases. Vascular per-
meability appears to be mediated by vascular endothelial growth factor (VEGF), which requires the
activation of downstream Src family kinases to exert its function. This study investigates the effects
of PP1 on vascular permeability and inflammatory response in a rat spinal cord compression model.
Ten minutes after compression, PP1 (PP1 group) or the vehicle only (control group) was adminis-
tered. On days 1, 3, and 7 after compression, the spinal cords were removed and examined histopatho-
logically to determine the expression of VEGF and the extent of edema and inflammation. The dry-
weight method was used to measure the water content of the spinal cords. The mRNA levels of
tumor necrosis factor a (TNFea) and interlenkin 18 (IL-1p8), which is related to inflammatory re-
sponses, were measured with a real-time polymerase chain reaction (RT-PCR) system 6 h after com-
pression. Although VEGF expression was similar in both groups, the extent of contusional lesion in
the PP1 group was reduced by approximately 35% on day 3. Moreover, the water content on days
1, 3, and 7 was significantly reduced and macrophage infiltration on days 3 and 7 was dramatically
reduced in the PP1 group. TNFa and IL-18 mRNA expression in the PP1 group were also signifi-
cantly redunced. These results indicate that PP1 reduces secondary damage after spinal cord injury.

Key words: edema; macrophage infiltration; PP1; secondary damage; spinal cord injury; Src family ki-
nase inhibitor

INTRODUCTION al., 1999; Earnhardt et al., 2002). Controlling vascular

permeability and inflammatory responses therefore, may

FOLLOWING SPINAL CORD INJURY, vascular permeabil- be important for the attenuation of secondary damage.
ity increases around the area of the injury, whichmay  Vascular endothelial growth factor (VEGF) is involved
lead to both edema formation and inflammation eventu-  in the aggravation of secondary damage after spinal cord
ally progressing to secondary tissue damage (Orlicek et injury (Skéld et al., 2000). VEGF is a well-known spe-

!Department of Neurosurgery, Osaka University Medical School, Suita, Japan.
2Department of Neurosurgery, Spine and Spinal Cord Center, Yukioka Hospital, Osaka, Japan,
IDepartment of Neurosurgery, Kobe University Graduate School of Medicine, Kobe, Japan.
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cific endothelial mitogen associated with angiogenesis
(Lennmyr et al., 1998), as well as a potent mediator of
vascular permeability (Senger et al., 1983). VEGF is re-
ported 1o be involved in brain edema associated with tu-
mors (Plate and Risau, 1995), cerebral infarction (Cobbs
et al., 1998), and neurotrauma (Papavassiliou et al,
1997).

VEGF works through the activation of Src family ki-
nases, that are located downstream in the VEGF signal
transduction pathway (Eliceiri et al.,, 1999). Src family
kinases mediate signaling in response to a variety of
growth factors, including VEGF (Schlessinger, 2000),
and they contribute to, among others, angio genesis, stim-
ulation of cell survival, and acceleration of vascular per-
meability.

-The synthetic pyrazolopyrimidine, 4-amino-5-(4-
methylphenyl)-7-(t-butyl)pyrazolo[3,4-d]pyrimidine
(PP1) is a novel, potent, and selective inhibitor of Src
family tyrosine kinases (Hanke et al, 1996). A recent
study found that PP1 significantly reduced the size of in-
farction in a mouse middle cerebral artery (MCA) oc-
clusion model (Paul et al., 2001).

On the basis of these findings, we hypothesized that

" the inhibition of Src family kinases by PP1 may lead to
the reduction of edema formation and inflammatory re-
sponses caused by various forms of neurotrauma. In this
study, we examined the effects of PP1 on vascular per-
meability and inflammatory responses in a rat spinal cord
compression model.

MATERIALS AND METHODS

Spinal Cord Compression Model

All animal experiments were conducted in compliance
with the NIH Guide for the Care and Use of Laboratory
Animals (1996) and the Osaka University Medical School
Guidelines for the Care and Use of Laboratory Animals.
Surgical and experimental procedures were approved by
the Osaka University Medical School Animat Care and
Use Committee.

Forty female Wistar rats (age =8 weeks, body
weight = 200 g) were used for this model, because uri-
nary management of female rats was considered easier
than that of males. The rats were anesthetized with an in-
traperitoneal injection of pentobarbital (60 mg/kg) and
placed in the prone position. A vertical linear incision
was made along the midline of the back, followed by a
single segmental laminectomy over Th10 to expose the
dura of the spinal cord. A Sugita temporary clip with a
calibrated closing force of 70 g (Mizuho Co., Ltd., Tokyo,
Japan) was applied over the dura to compress the spinal
cord for 3 sec. The skin was then closed and the animals

were returnied to their cages. During surgery, rectal tem-
perature was maintained at ~36-37°C with a controlled
heating pad.

PP1 (Biomo! Research Laboratories, Plymouth Meet-
ing, PA), suspended in 30% dimethyl sulfoxide (DMSO)
with 0.01 M phosphate-buffered saline (PBS; He et al.,
2000), was administered intraperitoneally 10 min after
spinal cord compression (PP1 group) following the meth-
ods of Paul et al. (2001). The dosage used was 1.5 mg/kg
weight to ensure that the maximum effect was achieved
with this dosage (Paul et al., 2001). For the control group,
the vehicle alone was administered using the same pro-
cedure.

Histological Procedure

On days 1, 3, and 7 after compression, rats from the
two groups were deeply anesthetized with an intraperi-
toneal injection of pentobarbital (100 mg/kg). Their
spinal cords were rapidly removed and immediately cov-
ered with Tissue-Tek embedding medium (Sakura
Finetek, Torrance, CA), frozen at —80°C in 2-methylbu-
tane, and stored at that temperature until further pro-
cessing. Sagittal serial cryostat sections were cut at a
thickness of 10 pm and then processed for either hema-
toxylin and eosin (HE) staining or immunohistochemistry
(Bartholdi et al., 1997).

HE staining was used to estimate the extent of the dam-
age. With the use of Scion image analysis software for
Windows (1998; Scion Corporation, Frederick, MD), the
extent of contusional lesion on day 1 after compression
was calculated as the area where the color intensity of
eosin had decreased by more than 50% in sagittal sec-
tions containing the central canal. On days 3 and 7, the
area of inflammatory cell infiltraticn around the contu-
sional area was also included in the calculation of the
contusion’s extent. This measurement was performed for
three consecutive sections from each rat.

Immunohistochemical Staining

Immunchistochemical staining of VEGF, IgG, and
ED-1 was performed to examine respectively, the ex-
pression of VEGF, the extent of edema, and the extent
of macrophage infiltration. Immunohistochemical stain-
ing was done according to the method of Fujinaka et al.
(2003), with some modifications.

Sections were fixed with 4% paraformaldehyde in 0.1
M phosphate buffer for 45 min, permeated with methanol
at —20°C for 10 min, and finally incubated with 3% hy-
drogen peroxidase for 30 min to quench endogenous per-
oxidase. The sections were rinsed in PBS and nonspe-
cific protein binding was blocked with 2% normat horse
serum in a buffer (0.1% Triton X-100 and 5% sucrose in
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PBS) for 20 min. Incubation with the primary antibodies
was carried out at 4°C overnight.

The primary antibodies used for this procedure were
anti-VEGF mouse monoclonal antibody (Santa Cruz
Biotechnology, Santa Cruz, CA; diluted 1:100) and anti-
ED-1 mouse monoclonal antibody (Serotec, Kidlington,
Oxford, UK; diluted 1:100). To detect binding of the pri-
mary antibodies to the corresponding antigens, the sec-
tions were first incubated with the biotinylated anti-
mouse IgG antibody (Vector Laboratories, Burlingame,
CA,; diluted 1:200) at room temperature for 30 min and
then with abidin-biotin peroxidase complex (Vectastain
Elite ABC kit, Vector Laboratories) for 30 min. The end
product was visualized by means of a 3,3'-diamino-ben-
zidine tetrahydrochloride (DAB) and hydrogen peroxi-
dase solution and counterstained with hematoxylin. Con-
trol immunostaining consisted of the omission of the
primary antibody from the immunostaining protocol.

The procedure for anti-IgG rabbit polyclonal antibody
(Vector Laboratories; diluted 1:200) differed somewhat
from the method described above in that the sections were
incubated with 2% normal rabbit serum for 20 min, fol-
lowed by incubation with this antibody at room temper-
ature for 30 min, and finally with the abidin-biotin per-
oxidase complex for 30 min. The other procedures were
the same as described above.

Scion image for Windows was used to define the ex-
tent of ED-1 positive ¢ell infiltration as the area where
more than 10 ED-1-positive cells were observed under
high magnification (X400} in the sagittal section con-
taining the central canal. These measurements were per-
formed for three consecutive sections from each rat.

Determination of Water Content after
Spinal Cord Compression

As another method to assess edema, the spinal cords
obtained on days 1, 3, and 7 after compression under deep
anesthesia were cut into lengths of 3 cm in the rostro-
caudal direction, centering to the compression site. The
spinal cords of nonoperated, normal animals served as
normal controls. The wet weight of the spinal cords was
measured immediately after their removal, after which
the cords were dried at 100°C for 72 h and their dry

- weight determined (Suzuki et al, 2002). The water

content was calculated using the following equation:
water content (%) = [(wet weight — dry weight)/wet
weight] X 100 (Paczynski et al., 2000).

Quantification of TNFa and IL-13 mRNA Levels
in the Injured Spinal Cord

To investigate the magnitude of the inflammatory re-
sponse, tumor necrosis factor a (TNFa) mRNA and in-

terleukin 18 (IL-18) mRNA expression were measured
with a real-time polymerase chain reaction {(RT-PCR)
system. This technique facilitates the quantification of
complementary DNA (¢cDNA) amplification and involves
a fluorescence-based RT-PCR followed by measurement
of the amplification with the ABI PRISM 7700 Sequence
Detection System (Applied Biosystems, Foster, CA).

RT-PCR analysis was performed as reported elsewhere
(Ueno et al,, 2001). Briefly, total RNA was purified from
30 mg of each injured spinal cord obtained 6 h after com-
pression using the RNA Easy Mini Kit (Qiagen, Hilden,
Germany), according to the manufacturer’s instructions.
For this procedure, genomic DNA was dissolved by
DNase I treatment and RNA samples were frozen in lig-
uid nitrogen and stored at —80°C until use.

First-strand cDNA synthesis from the RNA samples
was carried out using the SuperScript First-Strand Syn-
thesis System for RT-PCR (Invitrogen Corp., Carlsbad,
CA). cDNA synthesis was performed in triplicate, and
for each cDNA synthesis, 200 ng of mRNA in 8 ul. of
water was incubated with 1 pL of oligo-d(T) primer (0.5
pg/ul) and 1 pL. of ANTP mix {10 mM) at 65°C for 5
min. The solution was briefly chilled on ice, and then
added to 2 pL. of 10 X RT buffer, 4 pL of 25 mM MgCl,,
2 pL of 0.1 M DTT, and 1 ulL. of RNase Out Recombi-
nant RNase Inhibitor, After incubation at 42°C for 2 min,
1 pL (50 units) of SuperScript Il reverse transcriptase
was added to each tube. The reaction was incubated at
42°C for 60 min, followed by 70°C for 15 min to termi-
nate the reaction, After the reactant had been collected
by means of brief centrifugation, 1 pL of RNase H was
added to each tube and incubated at 37°C for 20 min to
dissolve the residual RNA. Parallel reactions for each
RNA sample were run in the absence of SuperScript I
reverse transcriptase to detect the presence of any cont-
aminating genomic DNA (no RT samples). Following
synthesis, cDNA was aliquoted into microtiter plates in
preparation for TagMan RT-PCR.

For each PCR, 1 pL of cDNA was used and each tran-
script was measured in triplicate. The RT-PCR technique
is based on the hydrolysis of a specific fluorescent probe
at each arnplification cycle by the 5'-endonuclease ac-
tivity of Taq polymerase. We used the technique as de-
scribed by Depre et al. (1998) and Medhust et al. (2000),
with some modifications. Predeveloped TagMan Assay
reagents (Applied Biosystems) were used for the probes
and primers for TNFa and IL-18 in quantities of 200
nmol/L for each PCR as recommended by the manufac-
turer. PCR was then performed with 40 cycles of natur-
ing at 95°C for 15 sec and annealing at 60°C for 1 min.
Due to the relative lack of precision of spectrophoto-
metric measurements of RNA concentration, the level of
transcripts for the cellular enzyme glyceraldehyde 3-

925



