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Fig. 1. [Exps. 1-3] Diagram of drug injections (A). Data from three experiments (Exps. 1-3) were pooled and analyzed together. Effects of progesterone (PROG; 10 mg/kg) and allo-
pregnanolone (ALLO; 10 mg/kg) administration in postnatal day 7 (P7) rats. Representative photographs of rat brains at 7 days after hypoxia-ischemia (HI) (B). PROG and ALLO
reduced the ipsilateral hemispheric volume (C). A lower dose of ALLO (1 mg/kg) did not reduce the hemispheric volume (D). ** P<0.01, *** P<0.001. (vehicle n=42; PROG

n==22; ALLO, 10 mg n=28; ALLO, 3 mg n=10; ALLO, 1 mg n=10).

Results
PROG and ALLO exacerbate brain injury in P7 rats

First, the effect of PROG (10 mg/kgx3) and ALLO (10 mg/kgx3) ad-
ministration on P7 rats with Hl-induced brain injury was examined
[Exp. 1]. With respect to hemispheric volumes, two-way ANOVA revealed
a hemispheric difference and a treatment group difference. Ipsilateral
hemispheric volume was significantly reduced in the PROG-treated
group (271411 mm?®) and the ALLO-treated group (293 4+ 15 mm?)
compared with the vehicle-treated group (345 + 14 mm?) (Fig. 1B). Sec-
ond, the effect of the dose of ALLO administration on P7 rats with HI-
induced brain injury was examined [Exp. 2]. Two-way ANOVA did not re-
veal a dose difference. Because the vehicle-control groups in three exper-
iments with P7 rats [Exps. 1-3] did not differ from each other (two-way
ANOVA) with respect to hemispheric volumes, these data were pooled to-
gether into a single control group. The exacerbating effects of PROG and
ALLO were the same as the original analysis (Fig. 1C), and the effect of
the dose of ALLO became significant. The administration of 10 mg/kgx3
ALLO or 3 mg/kgx3 ALLO, but not 1 mg/kgx3 ALLO, significantly re-
duced the ipsilateral hemispheric volume compared with that of the
vehicle-treated group (Fig. 1D).

Based on the neuropathological scores, PROG (10 mg/kgx 3) sig-
nificantly exacerbated injury in all four regions examined, the cortex,
striatum, hippocampus, and thalamus (Fig. 2A). Although ALLO
(10 mg/kg x 3) increased the injury scores, its effect was not statisti-
cally significant in any of the four regions. Given that the mortality
rate was significantly higher in the ALLO-treated, but not the PROG-
treated group, than in the vehicle group (Table 1), ALLO may be det-
rimental in HI-induced brain injury. The number of pups that died or
were severely injured with a neuropathological score greater than 10
was significantly higher in both the PROG- and ALLO-treated groups
compared with that in the vehicle-treated group (P<0.05, Fisher's
exact test with Bonferroni's correction) (Fig. 2B).

There were no sex differences in the effects of PROG or ALLO on ei-
ther evaluation of brain damage, i.e., hemispheric volume (data not
shown) or the neuropathological injury score (Fig. 2C).

GABA, receptor antagonism abolishes the exacerbating effect

To better understand the mechanism behind the exacerbation
caused by ALLO, bicuculline, a GABA, receptor antagonist, was co-
administered with ALLO to the rats [Exp. 3]. After pooling data from
the three P7 experiments [Exps. 1-3], two-way ANOVA revealed a
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Fig. 2. [Exp. 1] Effects of PROG (10 mg/kg) and ALLO (10 mg/kg) administration in P7 rats. The neuropathological injury score 7 days after HI in each region (A). PROG administra-
tion exacerbated Hl-induced brain injury in all four regions examined. The number of pups that died or were severely injured (i.e., an injury score greater than 10) was significantly
higher in both the PROG and the ALLO groups when compared with the vehicle group (B). There was no sex difference in the effects of PROG or ALLO on total injury score (C).

* P<0.05, ** P<0.01, *** P<0.001. (vehicle n=20; PROG n=22; ALLO n=18).

treatment difference in hemispheric volumes. Post hoc tests showed
statistical significance only for the comparison of ipsilateral hemi-
spheric volumes between the vehicle- and the ALLO-treated groups
and between the bicuculline- and the ALLO-treated groups (Fig. 3).
Ipsilateral hemispheric volumes in the bicuculline + ALLO-treated
group (312 +13 mm?) were not significantly different from those of
the vehicle-treated group. In other words, ALLO treatment exacerbat-
ed ipsilateral hemispheric volume loss from 16.3% in control to 26.6%,
and bicuculline co-administration partially mitigated it to 18.6%. Ipsi-
lateral hemispheric volume loss was calculated as follow: (1 — (ipsi-
lateral volume/contralateral volume))x100%. The lack of any
statistically significant difference between the ALLO- and the bicucul-
line + ALLO-treated groups may result from the relatively higher
mortality rate in the ALLO-treated group (11/42) compared with
that in the bicuculline + ALLO-treated group (1/20) (P=0.08). Detri-
mental effects of ALLO may be underestimated, as only the surviving

Table 1

Mortality rates and the numbers of rats analyzed. The number of rats that died/the
number of rats subjected to hypoxia are indicated in the upper rows. The mortality
rate differed significantly between the allopregnanolone (ALLO; 10 mg/kg)-treated
group and other two groups in experiment 1 [Exp. 1] using postnatal day 7 (P7) rats.
Two males and five females out of 28 pups died in ALLO-10 mg group in Exp.1. Because
a few P7 pups were killed by their stressed dams, only the number of pups that died
during the hypoxia and the 1 h recovery period was analyzed. The number of males:fe-
males analyzed are indicated in the lower rows.

Exp. Exp. Exp. Exp. Exp.
1 2 3 4 5
P7 P7 P7 P14 P21
Vehicle 0/22 Vehicle 0/9 Vehicle + 1/15 Vehicle 1/14 0/12
10:10 7:2 vehicle 7:6 6:7 6:6
PROG 1/25 ALLO  0/10  Bicuc+ 0/19 PROG 1/12 3/14
10mg 11:11 3mg 5:5 vehicle 10:9 10mg 635 56

ALLO 7/28% ALLO  0/10  Vehicle + 4/14 ALLO 113 3/13
10mg 9:9 1mg 5:5 ALLO 5:5 10mg 57 64
Bicuc + 1/20

ALLO
10:9

PROG: progesterone, Bicuc: bicuculline.
* P<0.05.

750

pups were analyzed. Likewise, the mitigating effects of bicuculline
may be underestimated in comparison with ALLO. The number of
pups that died or were severely injured, with a neuropathological
score greater than 10, was significantly lower in the bicuculline +
ALLO-treated groups (8/20) compared with that in the ALLO-
treated group (27/39); because a few P7 pups were killed by their
stressed dams, only the number of pups that died during the hypoxia
and the 1 h recovery period was analyzed.

PROG and ALLO are less detrimental in P14 and P21 rats

The effects of PROG (10 mg/kgx 3) and ALLO (10 mg/kgx 3) on HI-
induced brain injury in more mature rats, i.e., those at P14 [Exp. 4] and
P21 [Exp. 5], were examined. In rats subjected to Hl-induced injury at
P14, ipsilateral hemispheric volume was significantly reduced in the
PROG- (346+8 mm®) and ALLO-treated (348-+10mm?) groups
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Fig. 3. [Exps. 1-3] Effects of the co-administration of a GABA, receptor antagonist, bicu-
culline (Bicuc; 2 mg/kg), with ALLO in P7 rats. Data from three experiments (Exps. 1-3)
were pooled and analyzed together. Co-administration of the GABA receptor antago-
nist partially mitigated the effect of ALLO. Two-way analysis of variance and post hoc
tests showed statistical significance only for the comparison of ipsilateral hemispheric
volumes between the vehicle- and the ALLO-treated groups and between the
bicuculline- and the ALLO-treated groups. The ipsilateral hemispheric volumes in the
bicuculline + ALLO-treated group were not significantly different from those of the
vehicle-treated group. ** P<0.01. (vehicle n=42; Bicuc n=19; ALLO n=28; Bicuc+
ALLO n=19).
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Fig. 4. [Exps. 4, 5] Effect of PROG (10 mg/kg) and ALLO (10 mg/kg) administration in more mature rats. PROG and ALLO reduced the ipsilateral hemispheric volume in P14 rats (A)
but did not significantly alter the neuropathological injury score in any regions examined (B). * P<0.05. (vehicle n=13; PROG n=11; ALLO n=12). PROG and ALLO did not sig-
nificantly alter the hemispheric volume in P21 rats (C). (vehicle n=12; PROG n=11; ALLO n=10).

compared with that of the vehicle-treated group (37510 mm?)
(Fig. 4A). There was no difference in the neuropathological scores

among the three groups in any of the four regions examined (Fig. 4B).

In rats subjected to Hl-induced injury at P21, two-way ANOVA
showed no difference in hemispheric volumes between treatment
groups (P=0.109) (Fig. 4C).

Body temperature and weight

Rectal temperatures did not differ between the groups at any time
point before or up to 7 h after HI in any age group (data not shown).

Body weights on the day of HI did not differ significantly between
the treatment groups for each age group. The weight gain until the
day of perfusion (7 days after HI) was significantly smaller in the P7
PROG-treated group than in the other P7 groups (table 2). The weight
gain did not differ among treatment groups in the P14 or P21 age
groups.

Discussion

Contrary to our initial hypothesis, our results clearly showed that
PROG and its metabolite, ALLO, can worsen Hl-induced brain injury
in immature rats. To our knowledge, no study in brain injury models
has shown a consistent detrimental effect of either PROG or ALLO
using either immature or mature animals, with the exception of one
study using ovariectomized rats (Murphy et al, 2000). The

Table 2

exacerbating effects in the present study were demonstrated by a re-
duction of hemispheric volume and determined using the neuropath-
ological evaluation of four brain regions, ie., the cortex, striatum,
hippocampus, and thalamus, in P7 rats. We previously reported that
ipsilateral hemispheric areas correspond well with the results of be-
havioral tests (Mishima et al,, 2005). The effects of these neuroster-
oids were both dose- and age-dependent. In particular, PROG and
ALLO were detrimental in P14 rats to a lesser degree than in P7 rats
and were not detrimental in P21 rats. A GABA, receptor antagonist,
bicuculline, partially mitigated the effects of ALLO. PROG is also a
sex steroid, and sex differences in neonatal Hl-induced brain injury
have recently been reported on the effects of the treatment (Tsuji et
al., 2010), and of the brain injury itself (Hill et al., 2011). However,
in the present study, we did not find any statistically significant dif-
ferences according to gender.

Exacerbating mechanisms: progesterone

The effects of PROG and ALLO were quite similar in the present
study. In particular, each neurosteroid demonstrated the same age-
dependent exacerbating effects on Hl-induced brain injury. Based
on this similarity, we speculate that PROG accentuated neuronal inju-
ry mainly via the activity of its metabolite, ALLO. PROG exerts its ac-
tion via both its classical receptor and the activity of its metabolite,
ALLO, and it has multiple effects on neurons and the brain (Gibson
et al, 2009). We cannot exclude other mechanisms of action that

Body weights. The body weight gain (grams) over a 7-day period, from the day of hypoxia-ischemia (HI) to the day of perfusion, was significantly smaller in the PROG (10 mg/kg)-
treated group than in the other four groups using postnatal day 7 (P7) rats. Data from three experiments [Exps. 1-3] were pooled and analyzed together. There were no other sta-
tistical differences in either the weight before HI or the weight gain until the day of perfusion among the treatment groups for each age group.

P7 [Exps. 1-3] P14 [Exp. 4] P21 [Exp. 5]

Before HI Gain Before HI Gain Before HI Gain
Vehicle 97401 77404 182404 85407 298407 251405
PROG 10 mg 94+02 55+ 04" 183404 70405 295407 209+22
ALLO 10 mg 93402 6404 18604 57406 299409 229407
Bicuc 96+02 6.7+04
Bicuc -+ ALLO 98+0.1 59+04

** P<0.001.



M. Tsuji et al. / Experimental Neurology 233 (2012) 214-220 219

may have contributed to the detrimental effects observed in the pre-
sent experiments. A few studies, however, have reported that PROG
has negative effects in injured nervous systems. These negative re-
sults are mostly minimal and are inconsistent with those from other
studies. Only one previous report demonstrated a detrimental effect
of PROG in an animal model of stroke: Murphy et al. (2000) demon-
strated that the daily administration of PROG for a week before ische-
mia exacerbated brain injury in ovariectomized rats. The authors
speculated that this detrimental effect was due to modulation of the
GABA system by a sharp decline in PROG levels after the pre-stroke
treatment (Murphy et al., 2000), and they later reported that PROG
administration both before ischemia and during reperfusion de-
creased brain injury (Murphy et al., 2002). The treatment of ovariec-
tomized rats with PROG exacerbated the cerebrovascular
inflammatory response (inducible nitric oxide synthase and
cyclooxygenase-2) to lipopolysaccharide (Sunday et al, 2006).
PROG suppressed the proliferation of progenitor cells but enhanced
the survival of new neurons in adult male rats with ischemia
(Zhang et al., 2010). These actions of PROG are unlikely to be the
main mechanism responsible for the detrimental effect of PROG in
the present study. Studies have shown that PROG is beneficial for
transient middle cerebral artery occlusion in adult male rats (Jiang
et al., 1996), in spontaneously hypertensive adult male rats (Kumon
et al,, 2000), in reproductively senescent female rats (Alkayed et al,,
2000), for permanent middle cerebral artery occlusion in adult male
rats (Sayeed et al., 2007), for four vessel occlusion in adult male rats
(Morali et al., 2005), and for traumatic brain injury in adult male
rats (VanLandingham et al., 2008). Therefore, PROG may be detri-

mental only in immature subjects with HI, probably due to the effects °

of its metabolite, ALLO.
Exacerbating mechanisms: allopregnanolone

We suggest that the detrimental effect of ALLO was, at least in
part, mediated via GABAergic neurotransmission because a GABA, re-
ceptor antagonist, bicuculline, partially mitigated this effect. Another
result supporting this idea is the age-dependent effect of ALLO, in
which it became less detrimental with development. The effects of
GABA, receptor activation are also age-dependent. Neurons have a
higher intracellular chloride concentration at an early stage, leading
to an efflux of chloride and the excitatory actions of GABA in imma-
ture neurons. The progressive reduction of the intraceflular CI~ con-
centration during early development causes the developmental
switch from the excitatory (depolarizing) to inhibitory (hyperpolariz-
ing) action of GABA (Ben-Ari et al,, 2007). The timing of this shift de-
pends on the species, sex, brain structure, and neuronal type. It occurs
at around P8-12 in the Wistar rat hippocampus (Ben-Ari et al., 2007).
Although ALLO became less detrimental with age in the present
study, it was not neuroprotective in P21 rats, by which age GABA ac-
tion reportedly becomes inhibitory, i.e., neuroprotective against exci-
totoxicity. We speculate that Hl-induced injury may alter and delay
the developmental switch or that exacerbating mechanisms in addi-
tion to the GABA-mediated action may occur in immature animals.

Given that the reversal effect of bicuculline on the ALLO-induced
brain injury was not complete, additional mechanisms may be in
play to worsen ischemic brain injury in immature animals. ALLO has
been understudied in ischemic brain injury, and to our knowledge,
no in vivo study has shown or suggested that ALLO has negative ef-
fects other than those on GABA-mediated neurotransmission in ner-
vous system disease models. There are only three studies examining
the effects of the administration of ALLO in stroke, all of which dem-
onstrated beneficial results (Sayeed et al., 2006, 2009; Ishrat et al.,
2010). ALLO has been shown to be beneficial in other neurological
disease models, such as traumatic brain injury (VanLandingham et
al., 2008), Niemann-Pick type C disease (Griffin et al., 2004), and Alz-
heimer's disease (Wang et al., 2010).

2R1T

Evidence from in vitro studies has suggested that a high concentra-
tion of ALLO may be harmful. High concentrations of ALLO
(>100 pmol/L) significantly repressed proliferation of neural progeni-
tor cells (Wang et al., 2005). In addition, relatively high concentrations
of ALLO (1-3 umol/L, approximately 320-960 pg/L) induced the regres-
sion of neurite outgrowth (Brinton, 1994) and caused the death of rat
hippocampal neurons via a GABAa receptor-dependent mechanism
(Xu et al., 2000). Our protocol is not only based on protocols reported
to be neuroprotective in adult rats (Sayeed et al., 2006), but was also
chosen to reproduce the steroid levels found in the fetal brain in the
brains of immature rats. Previous studies demonstrated that the admin-
istration of PROG and ALLO (8-10 mg/kg) at doses similar to those used
in this study increases the plasma or cortical levels to the ranges ob-
served in rodent fetuses (Jiang et al.,, 1996; Grobin et al., 2003). Cortical
ALLO levels in a rat fetus at late gestation are almost 20 ng/g (Grobin et
al., 2003), and a 10-mg/kg dose of ALLO results in a mean cortical level
of 22 ng/g in mice (Wang et al, 2010). We do not consider the ALLO
levels in our study to be as high as those shown to be harmful in the
in vitro studies.

GABA is involved in the mechanism of thermoregulation in the
preoptic area of the hypothalamus (Osaka, 2004). As neither ALLO
nor PROG treatment aitered the body temperature, we do not consid-
er that GABA-mediated thermoregulation plays a role in the detri-
mental effects of these neurosteroids.

Translating the results into practice

PROG and ALLO are not always detrimental to immature animals
and human neonates. A single injection of 25 mg/kg of ALLO at P7,
P10, or P17 increased survival and delayed neurological impairments
in a mouse model of Niemann-Pick type C disease (Griffin et al.,
2004). Pilot studies on postnatal estradiol and PROG replacement
for extremely preterm infants demonstrated no adverse effects on
growth and psychomotor development (Trotter et al., 2001). Because
HI increases excitability in neurons, PROG and ALLO may enhance HI-
induced hyperexcitability and the associated excitotoxicity in imma-
ture brains. Caution should be exercised when interpreting our re-
sults and translating them into practice when dealing with neonates
and infants. It was previously mentioned that in long-gestation spe-
cies such as humans and sheep, as opposed to altricial species, such
as rodents, GABAergic currents become inhibitory by the last third
of gestation (Hirst et al., 2009). In contrast, other authors mentioned
that C1~ transport in the perinatal human cortex is as immature as
that seen in the rat, suggesting GABA-mediated excitation (Dzhala
et al., 2005).

The fact that the treatments turned out to be detrimental, contrary
to our initial hypothesis and to data obtained in adult models, is
meaningful. Thus, it is clear that speculations that a certain treatment
could be beneficial to a similar but different group of subjects just be-
cause the treatment was beneficial to a group of tested subjects must
be carefully reexamined. This is especially true when applying a treat-
ment to neonates; at a stage when the brain is going through dramat-
ic developmental changes. Considering the dramatic transitions of the
central nervous system from the fetal to neonatal period, even a treat-
ment proven to be neuroprotective in term neonates, such as hypo-
thermia, may be of no benefit or could even be detrimental in
preterm babies or infants beyond the neonatal period.

Conclusions

Our study shows that both PROG and its metabolite, ALLO, have
adverse effects on hypoxic-ischemic brain injury in immature rats.
The results presented herein represent a prime example of the dra-
matic difference between immature and mature brains. Studies are
still required to clarify the uncertainties of the effects of PROG and
ALLO in immature subjects. For the future development of
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neuroprotectants in neonatal brain injury, the maturity, or immaturi-
ty, of the brain should be carefully and fully taken into consideration.
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Quantitative Evaluation of Cerebral Blood Flow and Oxygen
Metabolism in Normal Anesthetized Rats: 1°0-Labeled Gas
Inhalation PET with MRI Fusion

Tadashi Watabe!2, Eku Shimosegawa', Hiroshi Watabe?, Yasukazu Kanai®, Kohei Hanaoka', Takashi Ueguchi®,
Kayako Isohashil, Hiroki Kato!, Mitsuaki Tatsumi*, and Jun Hatazawa®-2

!Department of Nuclear Medicine and Tracer Kinetics, Osaka University Graduate School of Medicine, Suita, Osaka, Japan;
2Immunology Frontier Research Center, Osaka University, Suita, Osaka, Japan; 3Department of Molecular Imaging in Medicine,
Osaka University Graduate School of Medicine, Suita, Osaka, Japan; and *Department of Radiology, Osaka University Hospital,

Suita, Osaka, Japan

PET with 150 gas has been used for the quantitative measure-
ment of cerebral blood flow (CBF), cerebral metabolic rate of
oxygen (CMRO,), oxygen extraction fraction (OEF), and cere-
bral blood volume (CBV) in humans. However, several technical
difficulties limit its use in experiments on small animals. Herein,
we describe the application of the 150 gas steady-state inhalation
method for normal anesthetized rats. Methods: Eight normal male
Sprague-Dawley rats (mean body weight = SD, 268 + 14 g) un-
der anesthesia were investigated by '°O-labeled gas PET. After
- tracheotomy, an airway tube was placed in the trachea, and the
animals were connected to a ventilator (tidal volume, 3 cm3;
frequency, 60/min). The CBF and OEF were measured according
o the original steady-state inhalation technique under artificial
ventilation with %0-CO, and '®°0-0, gases delivered through
the radioactive gas stabilizer. CBV was measured by °0-CO
gas inhalation and corrected for the intravascular hemoglobin-
bound 30-0,. Arterial blood sampling was performed during
each study to measure the radioactivity of the whole blood and
plasma. MR image was performed with the same acrylic animal
holder immediately after the PET. Regions of interest were
placed on the whole brain of the PET images with reference
to the semiautomatically coregistered PET/MR fused images.
Results: The data acquisition time for the whole PET experi-
ment in each rat was 73.3 = 5.8 (range, 68-85) min. In both the
150-CO; and the 150-0, studies, the radioactivity count of the
brain reached a steady state by approximately 10 min after
the start of continuous inhalation of the gas. The quantitative PET
data of the whole brain were as follows: CBF, 32.3 = 4.5 mL/100
mL/min; CMRO,, 3.23 *+ 0.42 mL/100 mL/min; OEF, 64.6% =
9.1%; and CBV, 5.05 = 0.45 mL/100 mL. Conclusion: Although
further technical improvements may be needed, this study
demonstrated the feasibility of quantitative PET measurement
of CBF, OEF, and CMRO, using the original steady-state inha-
lation method of 150-CO, and 50-0, gases and measurement
of CBV using the 'O-CO gas inhalation method in the brain of
normal anesthetized rats.
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Cerebral blood flow (CBF) and metabolic rate of oxygen
(CMRO,) have been extensively studied in humans using
PET with O-labeled gases and H,20 to elucidate the brain
functions () and hemodynamic and metabolic compromise
in stroke patients (2). However, several difficulties restrict
the application of this method to experimental animals.
The major difficulty of >0 gas PET in small animals is
related to the delivery of 130 gas to the brain. Inhaled radio-
active gases exist in the nasal and oral cavities and the lung,
which may disturb accurate measurement of the intracranial
radioactivity because of increased random coincidence
events and scattered photons. The second is the limited vol-
ume of blood that can be sampled from small animals to
measure the arterial input function, which is essential for
quantitative analysis. The third is the limited volume of the
tracer solution that can be injected into small animals. To
overcome these technical difficulties, some previous studies
have applied 150 gas inhalation through a tracheal tube (3),
venous injection of 130-0O, hemoglobin—containing red blood
cells (4,5), 150-CO or O, hemoglobin—containing vesicles (6),
or liposome-encapsulated hemoglobin (7). For quantitative
measurements, the radioactivity of the cardiac chambers has
been measured (3). A B-probe was developed to directly mea-
sure the arterial input function, without any need for blood
sampling (8). Furthermore, programmed injection devices
have been developed to achieve steady-state radioactivity of
the brain (9). However, there have been no reports of quanti-
tative measurement of CBE, cerebral blood volume (CBV),
oxygen extraction fraction (OEF), and CMRO, in the rat brain
by 1°0-gas inhalation PET. The purpose of this study was to
establish a standard methodology to evaluate the cerebral cir-
culation and oxygen metabolism in rats, to allow the evaluation
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of cerebral ischemia in a rat model. We developed a method
to measure CBF, CBYV, OEF, and CMRO, in anesthetized rats
according to the original 130 gas steady-state inhalation
method, which was used in clinical studies (10-12). We paid
special attention to administration of the 1’0 gases through
the trachea under a steady-state supply of >O-CO, and O-
O,. We describe here the feasibility of the method and the
quantitative measurement of CBE, CBV, OEF, and CMRO; in
the brains of normal rats under anesthesia. We performed all
studies using a clinical PET camera. The feasibility of the
PET camera for small-animal imaging was evaluated by
phantom experiments as well.

MATERIALS AND METHODS

Preparation of 150 Gas

150 gas was produced by a 14N(d,n)'*O nuclear reaction with
2.0% O, (for O-CO and '30-0,) or 2.0% CO, (for 30O-CO,)
added to an N, gas target at a 12-MeV-proton 20-pA current ac-
celerated by the CYPRIS HM 12S in-house cyclotron (Sumitomo
Heavy Industry). The concentrations and flow rates of 30-O,,
150-CO, and '>0-CO, were controlled by the CYPRIS gas stabi-
lization module, G3-A (Sumitomo Heavy Industry). Flow volume
from the gas stabilizer system was regulated by a mass flow con-
troller to achieve a constant supply of radioactivity.

PET and MR Scanner

The PET study was performed with the Headtome-V PET
scanner (Shimadzu Corp.). The performance of the scanner has
been described previously (/3). PET data were collected in 2-
dimensional (2-D) mode (septa extended) and reconstructed by the
2-D filtered backprojection method with Butterworth filter (1-mm
cutoff frequency). The spatial resolution was 4.0 mm in full width at
half maximum (FWHM) in the transaxial direction and 4.5 mm in
FWHM in the axial direction. The voxel size was 0.5 x 0.5 x 3.125
mm. The PET data were not corrected for attenuation or scatter.

The PET and MR studies were performed with an MR-compatible
acrylic holder held at the same position in all the experiments. MR
imaging was performed with the same holder immediately after the
PET acquisition, using a permanent magnet MR imaging system of
0.3 T (Hitachi Metal; NEOMAX, Ltd.) (/4). The MR imaging se-
quence was a fast low-angle shot (repetition time/echo time, 50/5
ms; 64 slices; field of view, 60 mm). Position shift between the PET
and MR images was confirmed by a phantom experiment, and cor-
egistration of the PET and MR images was automatically performed
using in-house fusion software (gPET/MRI).

Estimation of Partial-Volume Effect

The body phantom of the National Electrical Manufacturers
Association was used for the evaluation of the partial-volume
effect. Five spheres of different sizes were placed inside the water
(diameter, 10, 13, 17, 22, and 28 mm) and filled with 30-H,0O
of the same radioactivity concentration. The scanning time was 15
min, and the PET images were reconstructed using a 2-D filtered
backprojection method with attenuation correction. Regions of
interest (ROIs) were placed on each sphere, and the mean count
ratios to the 28-mm-diameter sphere were plotted against the
diameter.

Effect of Attenuation Correction
Transmission scanning with a ®8Ge—%8Ga rod source was per-
formed in the brain of a sacrificed rat to prepare an accurate
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attenuation map (scan duration, 167 min). The °0-O, gas PET images
were reconstructed both with and without attenuation correction.
Profile curves of the brain count were compared between the images
with and without attenuation correction.

Effect of Scatter Correction

The lung phantom (rubber balloon) was placed in the pleural
cavity of a sacrificed rat after the lung was removed. PET was
performed for 16 min under 0-O, ventilation (100 MBg/min,
180 mL/min). Then, scatter radiation from the lung was evaluated.

Cross Calibration Factor

Because of the limited volume of the blood samples, we tested
the linearity of the cross calibration factor against the volume of
plasma measured by a well counter. The radioactivity concen-
trations of 0.01, 0.025, 0.05, 0.10, and 0.20 mL of H,50 solution
were measured by the well counter. The radioactivity concentrations
were corrected for physical decay and weight and plotted against
the weight.

Animal Preparation and PET Measurements

Normal male Sprague-Dawley rats from Japan SLC Inc. were
used for this investigation. Fight rats (8 wk old; mean body weight =
SD, 268 *+ 14 g) were anesthetized with 2% isoflurane plus 100%
oxygen during the arterial cannulation, followed later by intramus-
cular injection of midazolam (1.2 mg/kg of body weight), xylazine
(4.8 mg/kg of body weight), and butorphanol (1.6 mg/kg of body
weight). Arterial cannulation was performed on the femoral artery
using a 0.8-mm polythene tube (n = 6) or on the tail artery using
a Terumo 24-gauge indwelling catheter (n = 2). Tracheotomy was
performed, and a flexible tube (6-French, 5 cm; Hanako Medical
Products) was placed into the trachea to serve as an airway for the
administration of 1>0O-gas. The airway tube was connected to the
ventilator (SN-480-7-10; Shinano Seisakusho), and artificial venti-
lation was performed with room air (tidal volume, 3 cm?; frequency,
60/min). The rats were placed supine on the bed, and the airway
tube was flexed to the distal side to exclude it from the transaxial
field of view of the brain.

150-CO,, °0-0,, and 50-CO gas were administered, where
the order of 150-0, and 50-CO, studies was randomized, with
room air as the carrier (50, 100, and 100 MBg/min, respectively).
The flow volume and radioactivity concentration were automati-
cally maintained through the stabilization module, which was di-
rectly connected to the artificial ventilator. The PET measurements
were started with the administration of each !3Q-labeled gas. In-
halation of the 130-CO, and '°0-O, gas was continued during the
PET measurements for 16 min (60 s X 16 frames). The inhalation
time of the 130-CO gas was 3 min, and the PET measurements
were continued for a total of 12 min (60 s X 12 frames). Arterial
blood sampling (0.1 mL) was performed from the arterial cannula
during the steady-state PET acquisition in the 1>0-CO, and %0-O,
studies (13 and 16 min after the start of scanning, respectively) and
7 min after the start of the scanning in the *O-CO study. The
radioactivity and weight of the whole blood and plasma after
centrifugation (3,000 round/min, 3 min) were measured with a well
scintillation counter (BeWell; Molecular Imaging Labo), and the
radioactivity concentration of each blood sample (cps [count per
second]) was corrected for the decay from the sampling time.

Systemic blood pressure (BP) and heart rate (HR) were in-
directly measured with a tail-cuff apparatus during the study (BP-
98A-L; Softron). Arterial blood gas was analyzed using the blood
samples collected during the 1°0-CO, and °0-0, PET acquisition

THE JOURNAL OF NucLEAR MEDICINE ¢ Vol. 54 * No. 2 ¢ February 2013

277



