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PURPOSE: To investigate the early changes in diffusion-weighted MR images in the sustained
limbic seizures. METHOD: Intraperitoneal injection of kainic acid was used to induce sustained
limbic seizures in seven rats. The animals were investigated with serial 2.0-T MR imaging beginning
immediately after kainic acid–induced seizures, and at 24 hours, 3 days, and 7 days after the kainic
acid injection. Diffusion-weighted spin-echo and T2-weighted images and apparent diffusion
coefficients were sequentially assessed and compared with histologic changes. The results were
compared with eight control animals given buffered saline intraperitoneally. RESULTS: Diffusion-
weighted MR images revealed an increase in signal intensity bilaterally in the amygdala and the
piriform cortices immediately after the sustained seizures, whereas T2-weighted images did not
show changes in signal intensity at this time. Both diffusion-weighted and T2-weighted images
showed marked increase in signal intensities in these same areas 24 hours after kainic acid
injection. The apparent diffusion coefficient values were significantly lower in the area of the
amygdala and the piriform cortex immediately after and lower again 24 hours after the sustained
seizures. The area of hyperintensity in diffusion-weighted images was concordant with the histo-
logic distribution of neuronal pyknosis and neuropile vacuolation. CONCLUSION: Diffusion-
weighted MR revealed focal abnormalities in the limbic system after 1 hour of sustained seizures
induced with kainic acid, before changes on T2-weighted imaging. Diffusion-weighted MR is a
potential method for studying the mechanisms of brain damage caused by sustained seizures.

Index terms: Brain, effects of drugs on; Magnetic resonance, diffusion-weighted; Seizures; Animal
studies
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Magnetic resonance (MR) imaging is the ex-
amination of choice in the differential diagnosis
of focal organic lesions in the brains of patients
with epilepsy. Furthermore, several authors re-
ported transient focal abnormalities demon-
strated with MR images during and after clinical
status epilepticus: focal brain regions with high
signal intensity on T2-weighted (T2W) spin-
echo images (1, 2), or abnormal gadopentetate
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dimeglumine enhancement (3, 4). The abnor-
mal MR findings were ascribed to transient focal
vasogenic edema and hypervascularisation in-
duced by sustained epileptic seizures. However,
few in vivo MR imaging studies have been done
in experimental seizure models of status epilep-
ticus (5, 6). Diffusion-weighted (DW) spin-echo
MR imaging has been applied for imaging brain
abnormalities made by microinjection of exci-
tatory amino acids and by systemic treatment
with g-aminobutyric acid receptor blocker un-
der general anesthesia (7–9). Early detection of
abnormal areas in ischemic brain with DW MR
imaging has presented a superior sensitivity to
conventional T2W MR imaging (10–13). The
morphologic pattern of cell damage induced by
seizures is in part similar to neuronal alterations
after cerebral ischemia, in which excitatory
amino acids play an important role in elucidat-
ing the excitotoxic process (14). It raises ques-
tions about the relation of an acute specific fea-
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ture of proton diffusion to the brain damage
induced by prolonged seizures. Our working hy-
pothesis is that DW MR may be useful in dem-
onstrating in vivo acute focal changes caused
by systemic sustained seizures when conven-
tional MR shows no changes in the brain.
We examined the limbic structures of well-

oxygenated rats periodically after prolonged
seizures elicited by systemic injection of kainic
acid (KA). This chemical is a pyrolidine deriv-
ative that acts as a direct agonist at glutamate
receptors and has a predilection for the limbic
system (15). The experimental seizures in-
duced with KA are particularly useful as a
model for human temporal epilepsy (16). A re-
cent study has provided a change in signal in-
tensity of the amygdala and piriform cortex in a
rat limbic seizure model on T2W images (6).

Methods
Fifteen male Sprague-Dawley rats weighing 280 to 350

g were housed in groups of 2 to 3 per cage in a room with
a controlled light-dark cycle (12 hours light and 12 hours
dark) and temperature at 238C. Eight of 15 rats were
assigned to the control group with saline injection, and 7
were treated with KA. In all seven animals that received
KA, limbic status epilepticus developed, and all were in-
cluded in MR studies. The experimental procedures strictly
followed the guidelines of the animal experiment commit-
tee of Shiga University of Medical Science.

Unanesthetized rats were injected intraperitoneally with
12 mg/kg KA (n 5 7). All rats treated with KA exhibited
progressive limbic seizures within 1 hour after KA injec-
tion. The onset of convulsive seizures occurred between 90
and 120 minutes after injection. They were prepared for
MR studies about 1 hour after the initiation of convulsive
status epilepticus. Eight control animals were treated with
corresponding amounts of buffered saline and were exam-
ined with MR imaging 2 hours after the injection. Anesthe-
sia for the MR studies was induced with 4% halothane, and
maintained with 1.8% halothane in 0.5 to 0.8 L/min oxy-
gen, because preliminary experiments indicated that this
level of anesthesia maintained stable physiologic condi-
tions with spontaneous regular breathing and precluded
the motion of animals in the magnet while still allowing
electrical seizures to occur. The animals were allowed to
breathe spontaneously with a face mask in a prone posi-
tion throughout the imaging. Arterial blood samples were
collected from three of the rats with seizures and three in
the control group for analysis of blood gases at the base-
line, immediately after the induction of anesthesia after
sustained seizures, and at the end of the MR study.

The seven KA-treated rats were examined with MR im-
mediately after the 1-hour sustained seizures, and 24
hours, 3 days, and 7 days after the injection of KA. MR
imaging was performed in a 2.0-T Omega system (Gen-
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eral Electric NMR Instruments, Fremont, Calif) operating
at 85.5 MHz for protons. Images were acquired with a
homemade 5-cm-diameter radio frequency coil in the
magnet fitted with shielded gradients (14 G/cm). A coro-
nal plane was chosen from a sagittal scout view to encom-
pass the center of the amygdala and the dorsal hippocam-
pus in one image. The coronal scan thickness was 2 mm.
We also selected a 1-mm-thick horizontal (axial) section
through the dorsal hippocampus. This anatomic structure
comprises a characteristic thin horizontal plate with mul-
tidirectional arrangement of nerve cells and fibers in rats.
DW spin-echo images were acquired using a standard
T2W sequence incorporating pulsed gradients, based on
the method described by Moseley et al (17). The diffusion-
sensitizing gradients were applied in the vertical direction
for coronal sections and in the horizontal direction for axial
sections.

The animals had coronal and axial spin-echo 1800/
78/4 (repetition time/echo time/excitations) images with
128 phase-encoding steps. The field of view was 4.5 cm.
All data were zero filled to 256 3 256 before processing.
Total study time was 90 to 120 min inclusive for a scout
image and T2W and DW images. A single b value of 1144
s/mm2 was used throughout in the DW sequences, yield-
ing heavily diffusion-weighted images. The DW and T2W
images were reviewed, and region-of-interest delineation
was performed by an operator (S.N.) who was unaware of
the kind of treatment. The average size for each of the
regions of interest follows.

Number of Pixels
Amygdala 1 piriform cortex 165.2 6 2.7
Dorsal hippocampus 135.0 6 2.4
Parietal cortex 112.1 6 1.7

Regions of interest drawn on the images using a free
hand in both temporal lobes consisted of the amygdaloid
nucleus and piriform cortex, and also the parietal cortices
on coronal scans, and the dorsal hippocampi bilaterally on
axial scans, in each animal (Fig 1B). Mean signal intensi-
ties were measured in regions of interest on DW and T2W
images. Signal intensity data were presented as a function
of time and as two ratios. First, treated/control ratio is
tabulated as mean signal intensity in KA-treated rats di-
vided by the average intensity of corresponding regions of
interest in control rats. Second, the signal intensity ratio of
the amygdala and piriform cortex to the parietal cortex is
demonstrated to highlight the difference in signal intensity
between a limbic structure and a nonlimbic cortex.

The apparent diffusion coefficient (ADC) was deter-
mined for region of interest from mean intensity by the
equation:

ADC 5 ln~So/Sn!/b

where Sn is the mean intensity for a DW image, and So is
the equilibrium intensity for a corresponding T2W image
(18, 19). An increased signal intensity on a DW image
correlates with a reduction of ADC.

The Mann-Whitney U test was performed between
the data of the rats with seizures and those of control
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Fig 1. Typical control DW and T2W images in coronal (A and B) and horizontal (C
and D) sections. Regions of interest are indicated by boxes on the T2W images in B and
D. AM-PC indicates amygdala and piriform cortex area; PAC, parietal cortex; and DH,
dorsal hippocampus.
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animals. All values are mean 6 SE. A P value less than .05
was considered significant.

At various times after completing MR imaging, the an-
imals were deeply anesthetized with 60 mg/kg intraperi-
toneal pentobarbital and perfused through the left cardiac
ventricle with saline. Perfusion was continued with 100 mL
of 0.1 M phosphate-buffered 4% formaldehyde (pH 7.4).
Three animals were killed at 5 hours, one at about 26
hours, one at 3 days, and two at 7 days after KA injection.
The brains were stored in the fixative at 48C for several
days and embedded in paraffin. Sections of 5 mm were
stained with hematoxylin and eosin.

Results

An intraperitoneal injection of KA induced
limbic and generalized seizures within 2 hours in
all the animals treated. The measurements of
arterial blood gas did not show hypoxic reaction
in the three KA-treated animals either immedi-
ately after induction of anesthesia after sus-
tained seizures or at the end of the MR studies
(Table 1). The treated animals had mild acido-
sis after 1-hour sustained seizures and imaging
studies.

MR Imaging

Typical DW and T2W images are presented
in Figure 1. As early as 1 hour after the initiation
of sustained seizures with KA, DW images dem-
onstrated an increased signal in the amygdala
and piriform cortex of all seven animals exam-
ined, whereas T2W images showed signal inten-
sities essentially similar to the control brain (Fig
2A and B). At 24 hours after KA, DW images
showed a further increase in contrast between
the corresponding area and the parietal cortex
because of the progressively increased signal of
TABLE 1: Arterial blood gas data, mean 6 SE

Baseline Seizures/Anesthesia After MR Study

Rats with induced seizures (KA) (n 5 3)
,PO2, mm Hg 94.0 6 6.6 140.4 6 31.3 144.2 6 8.4
PCO2, mm Hg 38.5 6 3.3 21.0 6 4.6 28.8 6 1.4
pH 7.412 6 0.017 7.273 6 0.093 7.337 6 0.041

Control rats (saline) (n 5 3)
PO2, mm Hg 89.7 6 6.9 . . . 194.5 6 14.1
PCO2, mm Hg 33.8 6 1.1 . . . 33.8 6 2.9
pH 7.466 6 0.03 . . . 7.468 6 0.022



Fig 2. Comparison between coronal DW
(A, C, E, and G) and T2W (B, D, F, and H)
images after KA injection. Each pair of im-
ages was from a single animal. Images 1
hour after sustained seizures (A and B), and
24 hours (C and D), 3 days (E and F), 7 days
(G and H) after KA injection. Arrow in A and
C points to the amygdala and piriform cortex
area. The high signal subsides at 3 days
after injection (E and F). T2W and DW im-
ages demonstrate heterogeneous low signal
intensities in the same region at 7 days after
injection (double arrows in G and H).
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the former in all four rats studied (Fig 2C). At
the same time, T2W images also demonstrated
an increase in signal intensity in the same area,
although less remarkably than the DW images
(Fig 2D). The changes in signals on both DW
and T2W images subsided 3 (three rats) to 7
(two rats) days after the injection of KA (Fig
2E–H). Seven days after the initial sustained
seizures, the amygdala and piriform cortex
showed heterogeneous and slightly low-inten-
sity signals on DW and T2W images (Fig 2G
and H). On the other hand, axial sections did not
show changes either on DW or on T2W images
taken immediately, 24 hours, 3 days, and 7
days after sustained seizures (figure not
shown).
Table 2 shows the change in treated/control

ratio of signal intensities in DW and T2W im-
ages. The treated DW signal intensity increased
to as much as twice that of control in the amyg-
dala and piriform cortex. The dorsal hippocam-
pus on the axial scan showed a tendency of
paradoxical decrease in the treated/control ra-
tio of diffusion signal intensity 1 hour after the
initiation of sustained seizures, and slight in-
crease in the treated/control ratio at 24 hours
after injection. These changes in the dorsal hip-
pocampus, however, did not reach statistical
significance. On the other hand, T2 signal in-
tensity of treated rats increased maximally to
34% higher than the control value in the amyg-
dala and piriform cortex area at 24 hours. The
ratios of signal intensity in the amygdala and
piriform cortex to that in the parietal cortex
show a significant change in DW images one
hour and 24 hours after the seizures (Figs 3 and
4). The signal ratios of T2W images show a mild
increase in contrast between the two areas only
at 24 hours after the seizures.



TABLE 2: MR signal intensity ratio of treated to control rats, mean 6 SE

1 h 24 h 3 d 7 d

Diffusion-weighted
Amygdala 1 piriform cortex 116.1 6 4.9† 209.2 6 27† 112.2 6 3.2* 104.6 6 6.2
Dorsal hippocampus 88.8 6 2.5 118.4 6 6.7 106.3 6 9.2 95.4 6 2.9
Parietal cortex 102.3 6 3.9 115.5 6 5.2 111.3 6 2.6 108.5 6 4.2

T2W
Amygdala 1 piriform cortex 95.6 6 1.0 134.1 6 7.0† 105.9 6 1.3 98.6 6 2.9
Dorsal hippocampus 94.9 6 1.5 113.1 6 3.8 108.0 6 4.1 97.0 6 2.4
Parietal cortex 94.5 6 1.9 110.9 6 3.7 103.9 6 2.2 97.1 6 2.0

* P , .05.
†P , .01 (Mann-Whitney U test).
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ADC

The changes in mean values of the ADC of
the parietal cortex, the amygdala and piriform
cortex, and the dorsal hippocampus are shown
as a function of time after KA injection in Figure
5. After 1-hour sustained seizures, the mean
ADC values of the amygdala and piriform cor-
tex were 15% lower than those of control rats (P
, .01). The ADC of these areas further fell an
additional 15% at 24 hours (P , .01), and nearly
returned to the control level on the third day. In
contrast, the changes in ADC were not signifi-
cant in the parietal cortex or the dorsal hip-
pocampus.

Histologic Findings

Pyknotic neurons were found scattered in the
amygdala and the piriform cortex at about 5
hours after KA injection. From 24 hours to 3
days after the injection, the neuropile became
progressively disrupted, forming a vacuolated
layer in the piriform cortex (Fig 6). The histo-
logic changes showed clear boundaries be-
tween the limbic and nonlimbic systems. Neu-
rons of all amygdala nuclei were affected, but
less severely than the piriform cortex. The piri-
form cortex showed progressive swelling and
edema at 24 hours’ survival time and eventually
became necrotic, with occasional hemorrhagic
disruption.

Discussion

The present study demonstrates that DW MR
images show focal changes in the rat brain after
sustained seizures. An increase in signal first
appeared and progressed in amygdala and piri-
form cortex on the DW images immediately af-
Fig 3. Mean signal intensity values of regions of interest in a DW image (A) and in a T2W image (B) plotted as a function of time.
DW images demonstrate significant changes in signal intensity value of the amygdala and piriform cortex region at 1 hour, 24 hours, and
3 days in DW images; T2W images show a significant increase in signal intensity value of the same region only at 24 hours. (Values are
mean 6 SE. Number of specimens are 8 for control, 7 for 1 hour after status, 4 for 24 hours, 3 for 3 days, and 2 for 7 days after injection.
A pair of regions of interest was evaluated in the bilateral hemispheres of each rat. Asterisk indicates P , .05; double asterisk, P , .01,
Mann-Whitney U test.)



Fig 4. Signal intensity ratios between regions of interest in the amygdala and piriform cortex region and in the parietal cortex are
plotted as a function of time. The DW image line shows significant increases in the ratio at 1 hour and 24 hours, whereas the T2W image
line indicates a significant but less prominent increase at 24 hours. (Values are mean 6 SE. Number of specimens are the same as Figure
3. Asterisk indicates P , .05; double asterisk, P , .01.)

Fig 5. Mean ADCs as a function of time after the initiation of sustained seizures by KA injection. In the amygdala and piriform cortex
area, decreases in mean ADCs are significant at 1 and 24 hours after the sustained seizures when compared with control value. (Values
are mean 6 SE. Number of specimens are the same as Figure 3. Asterisk indicates P , .05; double asterisk, P , .01.)
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ter 1-hour sustained seizures. The conventional
T2W images demonstrated increased signal in-
tensities in the corresponding area from 24
hours after KA injection. These changes were
not induced by systemic hypoxia, because the
animals did not have hypoxic conditions 1 hour
after the seizures and after the subsequent MR
studies. They showed acidosis, which was
caused by severe systemic muscle contraction
during the 1-hour prolonged convulsive sei-
zures, and we did not correct it during the
studies.

Fig 6. Photomicrograph showing the piriform cortex (Pir) at
24 hours after KA injection and sustained seizures. Note numer-
ous pyknotic neurons with prominent vacuolation in the neuropile.
The abnormality is less severe in neurons of the perirhinal cortex
(PRh) (hematoxylin-eosin stain, magnification 3100).
One of the important aims for imaging in
experimental epilepsy is to produce tissue
changes that can be used to validate the corre-
lation between the results of advanced radio-
logic imaging and histopathologic analysis. To
provoke sustained seizures, we used KA, a well-
known excitotoxic analog of glutamate that in-
duces sequential and focal histologic changes
throughout the limbic system by systemic treat-
ment or microinjection into the brain (15, 16,
20, 21). Our histologic findings in the early
phase were consistent with the description in
literature; even at 5 hours’ survival time, pyk-
notic neuronal changes and neuropile vacuola-
tion were encountered in the amygdaloid com-
plex, piriform cortex, and CA3 and CA4 of the
hippocampus. Dilated dendrites and glial fila-
ments have been observed with electron mi-
croscopy in the affected areas as an acute neu-
ropathologic reaction to systemic treatment
with KA (21). At 24 hours and 3 days, our
histologic study showed that the piriform cortex
seemed progressively swollen and vacuolated,
then eventually became totally disrupted and
formed extracellular edema, parenchymal ne-
crotic change, and patchy hemorrhage. These
findings are in agreement with previous reports
(15, 20, 21). The pattern of abnormalities on
our serial DW images seems to be concordant
with the histopathologic sequence of the dam-
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age in the amygdala and piriform cortex after
seizures induced by KA: mild high signal inten-
sity with the histologic focal vacuolation of the
neuropile just after the sustained seizures; high-
contrast area with progressing vacuolation at 24
hours, turning into mild hypointensity with a
shift to extracellular edema at 3 days, and het-
erogeneous hypointensity with focal necrosis
and hemorrhage in the region at 7 days.
As for the other compartments of the limbic

system, we did not detect definitive changes as
in the amygdala and piriform cortex either on
DW or T2W images, although we tried to dem-
onstrate the entorhinal cortex or the ventral or
dorsal hippocampus using thin axial scanning.
This result may be a consequence of the differ-
ence in response between the piriform cortex
and other limbic structures after sustained sei-
zures by KA, histologic findings showing more
destructive changes in the former (20, 21). The
winding anatomic alignment of nerve cell layers
in rich and multidirectional fibers may be an-
other explanation for the ambiguity of the
changes in the hippocampus on DW MR im-
ages. It may also be caused by the limited vol-
ume of the injured hippocampal neuronal tissue
(20), relative to the resolution of our equipment.
The direct neurotoxicity of glutamate analogs

in the brain was previously studied with DW
imaging. A study in a rat pup model using N-
methyl-D-aspartate microinjection revealed that
the primary lesion was hyperintense on DW im-
ages as early as 15 minutes after injection,
whereas the lesion was not observed on T2W
images until 24 hours after the injection (8). It
was also shown in a model of microinjection of
KA into the rat striatum that the secondary hy-
perintense area in the ipsilateral amygdala and
piriform cortex was highlighted on DW MR im-
ages 24 hours after the lesioning (7). These
models, which use stereotactic injection into an
anatomic focus, are appropriate for exploring
the direct effects or toxicity of glutamate ana-
logs in the central nervous tissue. The systemic
injection of an excitatory amino acid as applied
in this study provides a less invasive and more
physiologic model for studying neuronal injuries
propagated in the epileptic brain.
The ADC values of the cortex in control ani-

mals were in agreement with the values in the
literature (22–24). Significant falls in the ADC
were observed in the amygdala and piriform
cortex in our model 1 and 24 hours after the
sustained seizures. DW MR imaging is per-
formed by applying bipolar pulsed gradients in
such a way as to sensitize the image to small
magnitudes of proton motion. Controversies
still exist concerning the biological basis of
changes in the signal intensity and ADC in
pathologic conditions. In animal models of focal
brain ischemia, the ADC in the affected region
starts to decrease within 10 to 30 minutes after
the occlusion of the middle cerebral artery (13,
23, 24), being highly correlated with the post-
mortem area of infarction (13, 22). The early
ADC reduction in the ischemic brain is pre-
sumed to represent the rapid shift of water
between extracellular and intracellular com-
partments (22, 24–26). Other potential mech-
anisms for the early ADC changes in ischemia
include a local reduction of tissue temperature,
reduced perfusion, or a change in membrane
permeability (10, 27, 28). Benveniste and col-
leagues supported the cytotoxic edema theory
with their study of the rat brain tissue exposed to
ischemia, ouabain, glutamate, or N-methyl-D-
aspartate (22). Recently, Latour et al explained
that the dominant contribution to the drop in
diffusion coefficient came from a reduction of
the extracellular volume fraction rather than a
change in the membrane permeability, using
effective medium theory in packed erythrocytes
(28).
The proton movements in a region injured by

sustained seizures have different characteristics
from those in focal ischemia; there is no cessa-
tion of perfusion, severe energy depletion, or fall
in the tissue temperature that might result in an
ADC decrease in ischemic lesions. Systemic
administration of KA is known to cause in-
creases in local cerebral blood flow in the hip-
pocampus, the amygdala, and the cortex of the
rat brain (29), and KA-induced seizure models
have shown marked increases of local cerebral
glucose use in the limbic system (the hip-
pocampus, the amygdaloid complex, the en-
dopiriform nuclei, and the piriform cortex) (16,
20, 29). The significant decrease we observed
in the ADC in the amygdala and piriform cortex
might reflect the regional shift of water into the
intracellular space, which has been histologi-
cally proved in the seizure model with KA in-
jection. Thereafter, an increase in capillary
perfusion, tissue necrosis, and/or extracellular
edema to a various extent through the limbic
system may explain the returning increase in
ADC later developed in this study.



A recent study showed that the ADC of the rat
neocortex declined as much as 15% without
distinguished changes in DW images after intra-
peritoneal injection of a g-aminobutyric acid re-
ceptor blocker under generalized anesthesia
(9). The severity and the regional distribution of
the ADC change in this model were not com-
patible with our result. The discrepancies might
be explained by the facts that the actual drastic
seizures were elicited in our unanesthetized
model, and that the convulsant drugs, a g-ami-
nobutyric acid receptor blocker and a glutamate
agonist, act on nervous tissue by their specific
mechanisms and bring forth different morpho-
logic changes in their characteristic distribu-
tions in the brain (20).
DW MR is subject to many questions (27, 30,

31). However, it can provide acute indications
of in vivo tissue diffusion coefficients, which
might contribute to understanding dynamic as-
pects of the brain after seizures. A sustained
seizure may be another challenging subject for
study in the field of DW MR.
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