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The dynamics of the relative regional cerebral blood flow (rCBF) and
regional glucose utilization (rGU) were examined in spontaneously
epileptic EL mice in the interictal, ictal and postictal states, using
autoradiography with '25I-N-isopropyl-p-iodoamphetamine (IMP)
and '“C-2-deoxyglucose (DG), respectively. Methods: EL mice
were used in the study, which have previously been used as a model
of the idiopathic human epilepsy. EL mice develop secondary
generalized tonic-clonic convulsions, and ddY and EL(0) mice,
which do not experience seizures, were used as controls. IMP and
DG, respectively, were injected in EL mice in the interictal, ictal and
postictal states. We examined the relative rCBF and rGU from the
obtained autoradiograms of mouse brain sections. Results: No
significant changes in the relative rCBF were obtained in the hip-
pocampus in the course of epileptic seizures. In contrast, significant
increases in the relative rGU were observed in the hippocampus in
the ictal and early postictal states. The dissociation between the
dynamics of the rCBF and rGU were found in the event of epileptic
seizures of EL mice. Conclusion: The flow metabolism dissociation
in the ictal and early postictal states is of both conceptual and
practical interest, while the reason for the dissociation of rCBF from
the rGU in epileptic seizures remains to be established. Our results
emphasize the importance of estimating both cerebral perfusion
and glucose metabolism in epilepsy.
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Various studies of animal seizure models (/-3) and epilepsy in
humans (4—7) have been done on cerebral perfusion or metab-
olism, but it has been suggested that the animal data and human
data cannot be compared because each animal seizure model
produces a unique, model-specific perfusion and metabolic
pattern. This probably reflects true differences between the
mechanisms mediating different types of animal seizures and
those mediating human epilepsy (8). Contrast to electrically and
chemically induced convulsions (/-3), the genuine or heredi-
tary epilepsy in animals could be expected to be comparable
with that observed in humans.

The EL mouse is an inbred mutant strain with a convulsive
disposition discovered by Imaizumi et al. (9). The seizures
originate in the hippocampus and then spread to the other brain
regions electroencephalographically (/0,11). They are, there-
fore, considered as complex partial seizures with secondary
generalization (/2). EL mouse appears to be a suitable model of
a human genuine or hereditary epilepsy due to the apparent
similarities between the convulsive seizures in this mouse and
in human epileptic patients (/2). The much available data
regarding EL mice have been obtained by different physiolog-
ical and biochemical methods (/2), but no information is

Received Apr. 12, 1996; revision accepted Jul. 8, 1996.

For correspondence or reprints contact: Chisa Hosokawa, MD, Dept. of Radiology,
Osaka City University Medical School, 1-5-7 Asahi-machi, Abeno-ku, Osaka, 545,
Japan.

Dynawmics oF rCBF anp rGU N EpiLeptic EL Mice « Hosokawa et al.

available on the changes in cerebral blood flow and glucose
metabolism.

This study was attempted to reveal the dynamic changes of
relative regional cerebral blood flow (rCBF) and regional
glucose utilization (rGU) in EL mice in the interictal, ictal and
postictal states using autoradiography with '>*I-N-isopropyl-p-
iodoamphetamine (IMP) (/3-15) and '*C-2-deoxyglucose
(DG) (16), respectively. The EL mouse offers the opportunity to
explore the cerebral perfusion and metabolic correlates of
convulsive predisposition to provide us with important data for
understanding the mechanism of idiopathic human epilepsy.

MATERIALS AND METHODS
Experimental Animals

Thirteen-week-old EL mice of both sexes weighing between 25
and 33 g were supplied from our laboratory conditioned with a
12-hr light-dark cycle. The room temperature and the relative
humidity were regulated at 22-26°C and 50%—60%, respectively.
Commercial pellet food and drinking water were provided ad
libitum.

The EL mouse was internationally registered as a spontaneously
epileptic mouse strain in 1964, and its heredity has been classified
(9). The hippocampus is identified as the epileptic focus by
electroencephalography (/0,11) and EL mouse exhibits secondary
generalized tonic-clonic convulsions by tossed-up stimulations. It
is considered a good model of the idiopathic human epilepsy (/2).

Convulsions in adult EL mice were produced by tossed-up
stimulations once a week from 4 wk after birth. The EL mice
exhibiting tonic-clonic convulsions were designated EL(+). The
others that have not been stimulated, and have not convulsed, were
designated EL(o) and used as control. Nonseizure-susceptible,
age-matched ddY mice of strain, which are progenitors of EL mice,
were used as additional control.

Radiopharmaceuticals

Iodine-125-N-isopropyl-p-iodoamphetamine (IMP = specific
activity; 13.7Bg/mmole) and '*C-2-deoxyglucose (DG = specific
activity; 8.5-12.2 GBg/mmole) were used as indicators of the
rCBF and rGU, respectively. 5.18kBq of each radiopharmaceuti-
cal/g body weight was injected in mouse.

We examined the relative rCBF and rGU of EL(+), EL(0) and
ddY mice using autoradiography. As concerns EL(+), studies were
performed in the interictal, ictal and postictal (10, 30, 60 and 120
min after seizures, respectively; expressed as P-10, P-30, P-60 and
P-120) states. Six mice were examined in each group and state. The
brain regions analyzed included the right and left striatum, cortex,
thalamus, hippocampus, amygdala, entorhinal cortex and cerebel-
lum.

In a pilot study for the measurements of the rCBF, we examined
the time-course IMP uptakes in the mouse brains after intraperito-
neal administration (Fig. 1). According to Figure 1, no detectable
uptake was found after 3 min, 0.42% uptake was found after 5 min
and a steep increase in uptake was found 10 min after IMP
administration. Thereafter, radioisotope uptake became slow and
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FIGURE 1. The time-course radioisotope uptake in the EL mouse brains
shown after intraperitoneal administration of IMP. Arrowhead a = intraperi-
toneal administration; arowhead b = tossed-up stimulation to EL (+) mice in
the ictal state; and armowhead c = killed mice.

reached a plateau 20 min later. Based on this result, mice were
killed 8 min after the injection of IMP, taking the time required for
distribution to the brain, the effects of the clearance in the blood
and the duration of seizures (the mean time = 1 min) into
consideration. To examine the ictal state of EL (+) mice the
tossed-up stimulations were given to EL (+) mice 4 min (Fig. 1,
arrowhead b) after intraperitoneal administration and EL (+) mice
exhibiting tonic-clonic convulsions were used.

For the measurements of rGU, the time-course DG uptakes in the
mouse brains were previously demonstrated by Nonaka et al. (/7).
As in their methods (/8), mice were killed 40 min after the
intraperitoneal administration. In the ictal state of EL (+) mice,
tossed-up stimulations were given 4 min after injection as a method
for the measurements of the rCBF.

Tissue Slice and Autoradiogram Preparation

Immediately after the mice were killed, brain was placed on
powdered dry ice for several minutes, embedded in tissue com-
pound and transferred to a criostat. Serial coronal sections (20 pm)
were cut at —20°C. The sections were placed on glass cover slips
and rapidly dried by 60°C steam. The cover slips with labeled
tissue sections were exposed to x-ray film in an x-ray cassette for
2 wk at 4°C along with microscales for '>°I (46Bq-23.7kBg/mg) or
'4C (1.15-32.7kBq/g) as standards. Autoradiograms were prepared
by developing the films.
Densitometry

Densitometric analyses of the autoradiograms were performed
with the NIH image software for a Macintosh computer. The
resolution of the system involved a matrix size of 1024 X 1024 and
a density level of 8 bit. First, degrees of blackening with each
microscale were digitalized and a density-radioactivity curve was
prepared. From autoradiograms, digitalized values for brain re-
gions were obtained, and radioactivities/g of tissue were calculated
using the calibration curve.

Assessment
We examined relative rCBF and rGU, respectively, which were
the ratios of the regional radioactivity of IMP or DG to the average

614

FIGURE 2. The schematic of the autoradiogram on coronal section of the
mouse brain. The amygdala, entorhinal cortex and cerebellum are not
shown. S = striatum; T = thalamus; C = cortex; H = hippocampus.

of the whole brain. Relative rCBF and rGU values rather than
absolute values were generated for the following reasons:

1. To eliminate the effects of the arterial input function to the
brain and the systemic circulation.

2. To estimate cerebral glucose metabolism during or soon after
seizures. Previous studies used this qualitative approach (i.e.,
regional distribution pattern) instead of (semi-) quantitative
assessment (for example, percent injected dose/g) because of
nonsteady states and the poor temporal resolution (7,/9-21).
We also examined the relative (qualitative) rGU in all of the
groups and states.

Statistical Analysis

The results were given as mean * s.d. for six mice. Comparisons
between different groups or states were performed using ANOVA
and significance was set at p < 0.001. The regional activities were
measured on both the right and left sides, and side-to-side differ-
ences were determined. Since no significance of side-to-side
differences were found in either EL or ddY mice, bilateral regional
data were averaged in subsequent analyses.

RESULTS

A schematic illustration is shown in Figure 2. Regarding
autoradiograms for IMP, radioactivities in the cortex and
thalamus are higher than that in the hippocampus in the control.
This finding is the same in EL mice. No clear different
distribution patterns of regional radioactivities were observed
between different autoradiograms. Figure 3 shows the autora-
diograms obtained after injection of IMP or DG in each mouse.

Regarding autoradiograms for DG, similar relative regional
distribution of radioactivities was observed in the interictal state
of EL(+) mice and the controls. Namely, higher radioactivities
were in the cortex and thalamus than in the hippocampus. In the
ictal and early postictal states of EL(+) mice, much higher
radioactivities were observed in the hippocampus than in the
cortex and thalamus. In the late postictal state, the relative
distribution of radioactivities returned to that of the interictal
state.

As shown in Figure 3, the distribution patterns of regional
radioactivities between IMP and DG were similar in the control
groups of ddY and EL(0) and EL(+) mice in the interictal state.
They did not match in the ictal and early postictal states of
EL(+) mice. In late postictal state, they matched again.

The relative rCBF and rGU of all brain regions in each group
and state are summarized in Table 1. The significant changes in
the relative rCBF in the whole brain including the hippocampus
were not obtained in the course of the epileptic seizures. The
significant increases (23.3%, p < 0.001) in the relative rGU of
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FIGURE 3. The autoradiograms for IMP (A) and DG (B) are shown. Upper row
from left to right: ddY, EL(0), interictal EL(+) and ictal EL(+). Lower row from
left to right: P-10 EL(+), P-30 EL(+), P-60 EL(+) and P-120 EL(+).

the hippocampus in the ictal and early postictal states of EL (+)
mice compared with those in the interictal state. In the late
postictal state, the relative rGU of each brain region returned to
that of the interictal state of EL (+) mice.

DISCUSSION
Several studies examining both cerebral perfusion and glu-
cose metabolism in epileptic seizures of human (22-27) and

experimental animals (28-3/) were reported. It has already
been established that the increased neural metabolism associ-
ated with seizure activity is accompanied by a rise in rCBF
during active seizures (32-35). While many studies reported
similar changes indicating flow metabolism coupling (22-24),
others showed different dynamics reflecting flow metabolism
uncoupling (25-31). In this study, we examined both the relative
rCBF and rGU of EL mice in the interictal, ictal and postictal states
using autoradiography. The results showed different dynamics of
rCBF and rGU in the course of the epileptic seizures.

Methodological Considerations

We assessed the radioisotope uptakes in the mouse brain
regions after intraperitoneal administration of radiopharmaceu-
ticals in the interictal, ictal and postictal states of the EL (+)
mice. These studies raise two major methodological questions:
one is the methodological validity, and the other is the possi-
bility of the comparison between the dynamics of the rCBF and
rGU.

Methodological Validity. Since the ictal and postictal states
are not strictly steady states, there has been no practicable way
to visualize changes in metabolism during or soon after seizures
in humans. The absolute values of the rCBF and rGU in these
states are difficult to obtain, and they may be underestimated
due to the changes of the systemic circulation and the postictal
suppression of the neuronal activities (3,/9-21). But this is a
qualitative and anatomical study, that is, a relative regional
dynamic study in the course of the epileptic seizures. In this
respect, we can estimate the dynamics of the relative rCBF and
rGU by eliminating the effects of the changing arterial input
function and systemic circulation.

Possibility of Comparison Between rCBF and rGU. The time
of death after administration between IMP and DG was differ-
ent. But the time-course uptake of both tracers are similar (Fig.
1), and DG uptake at 40 min after injection is considered to
reflect the early phase despite poor temporal resolution (/7). In

TABLE 1
Relative rCBF and rGU of ddY, EL(o) and EL(+) Mouse Brains
IMP
EL(+)

Region ddy EL(0) Interictal Ictal P-10 P-30 P-60 P-120
Striatum 1.16 = 0.03 1.09 = 0.03 1.10 = 0.02 113 +0.04 1.07 = 0.03 1.08 = 0.00 112 £ 0.05 110+ 0.03
Cortex 1.25 + 0.04 1.27 = 0.03 1.29 = 0.04 1.20 = 0.04 1.10 = 0.00 1.22 + 0.09 1.19 = 0.05 1.21 £ 0.07
Thalamus 1.23 +0.03 1.23 + 0.03 1.20 + 0.06 1.35 = 0.06 1.26 = 0.02 1.24 = 0.04 1.23 = 0.09 1.29 + 0.1
Hippocampus 0.91 +0.02 0.95 + 0.02 0.97 = 0.02 0.97 + 0.04 0.95 = 0.01 0.94 + 0.03 1.01 = 0.03 1.00 *+ 0.02
Amygdala 0.75 + 0.02 0.75 + 0.04 0.75 + 0.04 0.80 = 0.04 0.88 + 0.02 0.84 + 0.03 0.81 = 0.05 0.81 + 0.06
Entorhinal 0.72 = 0.03 0.75 = 0.05 0.74 = 0.33 0.77 = 0.06 0.87 = 0.02 0.84 + 0.04 0.82 = 0.06 0.79 = 0.06
Cerebellum 0.98 + 0.03 0.96 *+ 0.05 0.95 + 0.02 0.78 + 0.04 0.86 + 0.02 0.84 + 0.04 0.82 = 0.06 0.80 + 0.06

DG
EL(+)

Region ddy ELio) Interictal Ictal P-10 P-30 P-60 P-120
Striatum 1.40 = 0.08 139 +0.14 1.16 = 0.04 111011 113+ 0.11 121 £ 0.07 1.21 £ 0.10 1.26 + 0.07
Cortex 1.28 =+ 0.03 1.33 + 0.04 1.09 £ 0.05 0.98 + 0.06 1.01 £ 0.09 1.08 + 0.05 1.07 £ 0.05 1.08 = 0.07
Thalamus 1.48 = 0.01 1.28 + 0.05 1.33 £ 0.02 1.07 = 0.05 1.29 + 0.07 131 +0.06 1.35 = 0.02 1.39 +0.07
Hippocampus 0.83 = 0.03 0.86 = 0.10 1.03 +0.03 1.27 = 0.04* 1.27 = 0.07* 1.09 + 0.06 1.04 = 0.04 1.00 = 0.04
Amygdala 0.60 = 0.08 0.60 = 0.09 0.69 = 0.02 0.95 = 0.06 0.61 = 0.03 0.72 = 0.10 0.62 = 0.06 0.71 +0.07
Entorhinal 0.47 +0.04 0.58 = 0.07 0.76 = 0.02 0.87 = 0.05 0.65 = 0.09 0.69 = 0.07 0.64 = 0.10 0.63 = 0.05
Cerebellum 0.94 + 0.05 0.95 + 0.07 0.93 + 0.03 0.75 + 0.04 1.05+2.16 0.90 = 0.20 1.07 £ 0.04 0.94 + 0.03

*p < 0.001 as compared to the interictal state of EL(+) mice.
Values are the ratios of the rGU to the average of the whole brain (mean * s.d.) obtained for six mice.
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fact, comparative studies of blood flow and metabolism permit
this different temporal resolution (22,23,26,27). Therefore, it
may be possible to compare rCBF with rGU.

Flow Metabolism Dissociation

The most striking finding in this study was the dissociation of
the dynamics of rCBF and rGU in the hippocampus, the
epileptic focus, in the event of epileptic seizures of the EL (+)
mice. The type of mismatch between rCBF and rGU was the
difference, that is, no significant change in rCBF and increases
in rGU, in the epileptic foci in the ictal and early postictal states
of epileptic seizures. In the investigations presenting the flow
metabolism uncoupling, during the seizures, a rise in cerebral
perfusion induced by increased metabolism appeared to become
less by repeated or prolonged seizures (28,29). A similar
pathophysiology may be possible in EL mice because EL mice
suffer from chronic or repeated epileptic seizures. This flow
metabolism dissociation is difficult to reflect the true patho-
physiological mechanism. But EL mice are spontaneously
epileptic mice and a good model of the idiopathic human
epilepsy (/2). Therefore, it may reflect the pathophysiology of
some types of clinical epilepsies and be useful in understanding
them. Our present observation of the dissociation between the
rCBF and rGU is not only of conceptual interest, why does it
occur, but also of practical interest. It is considered that since
cerebral perfusion and glucose metabolism may dissociate in
epileptic seizures, it is important to assess both cerebral
perfusion and glucose metabolism in epilepsy.

CONCLUSION

We studied rCBF and rGU using autoradiography with IMP
and DG, respectively, in spontaneously epileptic EL mice in the
interictal, ictal and postictal states of epileptic seizures. The
flow metabolism dissociation of mouse brain was observed in
the ictal and early postictal states, namely no significant
changes in rCBF in contrast to increases in rGU in the epileptic
foci were observed, which finding has never been described
before. The pathophysiological mechanism is difficult to ex-
plain, but it is important to examine both cerebral perfusion and
glucose metabolism in epilepsy because they may dissociate.
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