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Cerebral Perfusion Alterations during the Acute
Phase of Experimental Generalized Status

Epilepticus: Prediction of Survival By Using
Perfusion-Weighted MR Imaging and

Histopathology

T. Engelhorn, A. Doerfler, J. Weise, M. Baehr, M. Forsting, and A. Hufnagel

BACKGROUND AND PURPOSE: Persistent generalized status epilepticus (SE) is associated
with alterations of cerebral perfusion (CP). Because perfusion-weighted MR imaging (PWI)
allows noninvasive CP-determination, the aim of this study was to investigate CP alterations
during acute experimental SE correlated with SE-induced neuronal cell loss.

METHODS: The rat pilocarpine model was used to induce SE. Multilocal PWI was performed
before (baseline) and 3, 15, 30, 60, and 120 minutes after onset of SE. Bolus-peak ratio (BPR)
was calculated for the retrosplenial and piriform cortex, hippocampus, amygdala, and thalamus
and compared with baseline. Neuronal cell loss was quantified at different time points after
induction of SE by cresyle violet staining.

RESULTS: Immediately after SE onset (3 minutes), BPR temporarily increased to 102%–
130% in all regions, with a maximum in the amygdala (129 � 16%) and hippocampus (130 �
21%). At 15, 30, and 60 minutes, BPR decreased continuously to 57%–76%. BPR values <55%
in the parietal and/or temporal cortex resulted in death. In surviving animals, BPR recovered
to 66%–79% and there was a good correlation between neuronal cell loss in specific brain
regions at 2 weeks after SE onset and maximal decrease in BPR (r > 0.73).

CONCLUSION: PWI demonstrated a transient cerebral hyperperfusion immediately after SE
onset, followed by a significant continuous decline to different perfusion levels. In our experi-
mental setting, a decline of cortical BPR below 55% of baseline seems to be a prognostic
threshold value associated with subsequent death. In surviving animals, there is good correla-
tion between the maximal decrease in BPR in the acute phase of SE and late neuronal cell loss.

Status epilepticus (SE) is a condition that may result
in significant morbidity as well as mortality (1). Po-
tential long-term sequelae include cognitive decline
and enhancement of further seizure activity (2–5).
Alterations in local cerebral perfusion, as well as the
rapid development of cytotoxic and vasogenic edema
in the early phase, may represent functional changes,
but also have been claimed to lead to subsequent
neuronal loss.

Neuroimaging techniques are useful aids in the

diagnosis of SE. Positron-emission tomography iden-
tifies seizure foci as ictal increases in glucose metab-
olism and cerebral blood flow and interictal decreases
in these measures (6, 7). Similar changes in cerebral
blood flow are detectable by single-photon emission
CT (SPECT; 8, 9).

Because noninvasive MR imaging is part of the
standard diagnostic workup of patients with seizure
disorders to detect brain lesions that are visible on
T1- and T2-weighted images (3, 4), it would be ad-
vantageous to have a physiologic MR imaging method
to predict the severity of SE (ie, the extend of loss of
neurons) in the very early phase of SE.

Local hyper- and hypoperfusion of brain paren-
chyma during epileptic activity have been demon-
strated with dynamic perfusion-weighted MR imaging
(PWI) in a small number of case reports (10–12), a
technique extensively used to detect and monitor the
evolution of ischemic brain damage in experimental
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and clinical settings (13, 14). Systematic experimental
examination of cerebral perfusion alterations during
the acute phase of seizure-induced damage by using
PWI, however, is lacking. Furthermore, no correlative
studies comparing PWI with the analysis of neuronal
cell loss have been reported. To the best of our
knowledge, this is the first study which describes PWI
changes that occur during the acute phase of SE and
subsequent histologic changes.

We used the rat pilocarpine model, a well-estab-
lished animal model, leading to SE in the acute phase
and subsequently to the development of temporal
lobe epilepsy in the postacute phase. Behavioral as-
pects, electrophysiology, and gross histopathology in
this model are well characterized (15–18). We hy-
pothesize that changes in cerebral blood flow mea-
sured by PWI correlate with seizure-induced neuro-
nal damage in different brain areas as determined by
histologic analysis. Clinically, the possibility to iden-
tify subtle histopathologic alterations with noninva-
sive MR imaging in the early phase of an ictal event
would be of significant therapeutic relevance.

Methods

Animals and Seizure Assessment
For all experiments male Sprague-Dawley rats (280–320 g)

were used. Animals were allowed free access to food. The study
was approved by the institutional review board of the medical
facility, district of Düsseldorf, Germany.

For preparation, all animals were shortly anesthetized ini-
tially with 2% isoflurane to catheterize the femoral artery and
vein to monitor blood pressure and blood gases and to admin-
ister contrast agent for PWI. Anesthesia was maintained with
fentanyl (0.1 mg/kg per hour intravenously) during MR imag-
ing until SE onset. Body temperature was maintained at 37 �
0.5°C with a feedback-regulated heating pad. Heart rate and
SaO2 were continuously monitored by a pulse oximeter.

Before induction of SE, all animals were positioned in the
MR scanner to acquire baseline scans, firmly held by an espe-
cially designed MR-compatible head holder, allowing reliable
fixation to avoid seizure-related movements.

After baseline scans, SE was induced by administration of
freshly dissolved pilocarpine hydrochloride (360 mg/kg 000000
[intraperitoneal]), a cholinerge antagonist, without removing
animals from the MR scanner. The injection protocols were
similar to those described elsewhere (19–21). Peripheral cho-
linergic effects were minimized by i.p. injection of 1 mg/kg
scopolamine methyl nitrate at 30 minutes before pilocarpine
administration (15, 22). Saline-injected animals (n � 3) served
as controls.

After injection of pilocarpine hydrochloride, the animal’s
behavior was monitored by a camera system. Only animals that
demonstrated onset of continuous generalized seizures were
included in the present study. These animals were then studied
with PWI performed at 3, 15, 30, 60, and 120 minutes after
onset of pilocarpine-induced seizures. After MR examination,
animals could recover and were allowed free access to food.

MR Imaging
MR baseline scans (PWI and T1-weighted imaging) were

performed on each rat before the injection of pilocarpine. Only
animals that demonstrated a normal brain anatomy were in-
cluded. Additional control scans were performed in three sa-
line-treated animals to confirm that no PWI changes had oc-
curred because of animal handling and injections. Imaging was

performed on a 1.5-T MR unit (Sonata, Siemens, Erlangen,
Germany) with a 50-mm-diameter, small field-of-view orbita
surface coil. Scout images were obtained in the coronal, axial,
and transverse planes to position the sections accurately. Five
coronal sections, each with 2-mm thickness and 0.2-mm sepa-
ration (interslice gap) were positioned on the transverse scout
images at the level of the hippocampal formation and piriform
cortex. PWI was performed by using a spin-echo, echo planar
imaging (EPI) sequence to follow the passage of a bolus appli-
cation of 0.3 mmol/kg gadolinium diethylene triamine penta-
acetic acid (Magnevist, Schering, Berlin), given by an automatic
injector with a flow-rate of 0.3 mL/min (23). The EPI images
were acquired with a 128 � 128 matrix; 43-mm field of view;
1-second repetition time; 88-millisecond echo time; and one
average. Forty sets of five sections were acquired continuously
for 40 seconds. The T1-weighted images were acquired with a
128 � 128 matrix; 50-mm field of view; 500-millisecond repe-
tition time; 14-millisecond echo time; two averages; eight coro-
nal sections; and 1.5-mm section thickness.

Image Analysis
Imaging analysis was performed for each rat on a single

section located immediately anterior to the section where the
hippocampus can be seen curling inferiorly as recently de-
scribed in detail by Wall et al (24). The position of the section
corresponded approximately to bregma �3.6 mm and maxi-
mized the cross-sectional area of each region of interest (25).
Siemens built-in image-processing software (Siemens, Erlan-
gen, Germany) was used to outline and analyze the regions of
interest that were confirmed by a second investigator. The
bilateral regions of interest included the amygdala and associ-
ated nuclei, the retrosplenial parietal cortex (including motor
and somatosensory cortex), the retrosplenial temporal cortex,
the piriform cortex (including parts of the entorhinal and
perirhinal cortex), the thalamus, and the hippocampus (CA
1–3).

A 2-pixel width separated the ventral hippocampus and
retrosplenial parietal and temporal cortex. A line drawn across
the bottom of both hippocampi that extended across the cortex
demarcated the inferior border of the temporal cortex (out-
lined as a 4 � 4 pixel square). The piriform and amygdala
regions of interest abutted each other and extended the same
distance superiorly and inferiorly. Medially, four pixels sepa-
rated the thalamus from the amygdala to minimize signal in-
tensity contribution from the lateral ventricle. A 5 � 5 pixel
square was centered within the thalamus. All regions of interest
are outlined in Fig 1.

In all regions of interest, as a semiquantitative measure of
cerebral perfusion, the bolus-peak ratio (BPR) in the bolus-
tracking curves was calculated at 3, 15, 30, 60, and 120 minutes
after onset of pilocarpine-induced seizures and was normalized
relative to the corresponding regions under baseline conditions
(26). Thereby, BPR in the regions of interest after onset of SE
(t � x) as compared with baseline conditions (t � 0) are given
by:

BPR�[(maximal signal intensity loss region of interestt�x)/

(maximal signal intensity loss region of interestt�0)] � 100.

Because the signal intensity loss in the region of interest
must be normalized with respect to the corresponding region of
interest at baseline conditions that presumably has normal
perfusion, a BPR of 100% would imply normal perfusion, and
0% would indicate no perfusion.

Tissue Preparation and Analysis of Neuronal Cell Loss
The animals were allocated to the different time points of

histology by using a computer randomization scheme (Table 1).
After i.p. injection with chloralhydrate (7% in phosphate-buff-
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ered saline, 420 mg/kg body weight), they were transcardialy
perfused with paraformaldehyde (4% in 0.12 mol/L Millonig
phosphate buffer) at 30 minutes (during SE) and 2 hours
(during SE, after completion of imaging) as well as 1, 7, and 14
days after SE induction (n � 2 for all time points). For early
histology, we chose 0.5 hours after SE induction, because we
calculated the maximal decline in BPR at this time point
(prestudies) and 2 hours as end point measurement after the
MR monitoring. Three untreated animals served as controls.

Brains were removed and shock-frozen in liquid nitrogen.
Cryosections were prepared and stained with cresyle violet
solution (Nissl-staining) to identify neuronal cells. Neuronal
cell counts were performed in the hippocampus (CA1–3),
amygdala, piriform/temporal/parietal cortex, and the thalamus
in six sections of each animal per region and time point.
Depending on the region and its neuronal attenuation, areas
analyzed varied between 0.1 and 0.4 mm2. For better compar-
ison of SE-induced neuronal cell loss in different brain regions,
the number of neurons, after counting absolute numbers, were
given as percentage of the corresponding control value.

Statistical Analysis of the Data
For statistical analysis of all results, commercial software

(StatView, Brain Power, Calabasas, CA) was used. Left and
right comparison of bilateral regions of interest compared with
baseline was performed for each animal by use of one-way
analysis of variance. A two-tailed Student’s t test was per-
formed to compare baseline/control values with the experimen-
tal values at each time point after the onset of seizures and for
saline injected/untreated controls. Linear regression analyses
between maximal and minimal flow indices and cell counts
were performed. A probability value of P � .05 was considered

to be significant—denoted with an asterisk (*) in the tables and
figures. The means and standard deviations (SDs) are pre-
sented for the various groups.

Results
All animals revealed normal brain anatomy on the

T1-weighted MR images before pilocarpine injection.
Injection of pilocarpine in 32 animals resulted in 20
animals (62.5%) developing generalized status epilepti-
cus for inclusion in the present study. Saline controls
were performed in three animals, and no behavioral
abnormalities were observed after injection. Behavioral
seizures often began 15–40 minutes after pilocarpine
injection and were similar to previous reports (15, 16).
Table 1 demonstrates number of animals used at each
of the imaging time points and for histology.

Throughout the surgical preparation, the average
body temperature for all animals was 36.9 � 0.5°C
(mean � SD). Arterial blood gases (pO2 � 103 � 19
mmHg; pCO2 � 38 � 6 mmHg; pH � 7.37 � 0.04)
and hematocrit (40.6 � 2.8%) remained stable. Two
hours after the onset of seizures, the average body
temperature was significantly increased to 37.8 �
0.7°C, whereas arterial blood gases did not change
significantly.

Changes in Cerebral Blood Flow after SE
In controls and pilocarpine treated animals, there was

no significant difference between identical regions of
interest of the left and right hemisphere at any time
point of MR examination (P � .28). Therefore, BPRs of
identical regions of interest were averaged.

No significant changes in BPR were observed in
control animals at 3, 15, 30, 60, and 120 minutes after
saline injection, with 102 � 5%, 100 � 4%, 101 � 5%,
102 � 4% and 102 � 5%, respectively, compared with
baseline (P � .42).

Averaged BPRs of pilocarpine treated animals at
baseline conditions and at 3, 15, 30, 60, and 120
minutes after the onset of seizures for the examined
regions of interest are presented in Figs 2–7.

At 3 minutes after onset of seizures, BPR was
significantly increased in the parietal, temporal and
piriform cortex, the amygdala, and hippocampus, with
130 � 34%, 112 � 10%, 114 � 12%, 129 � 16%, and
130 � 21%, respectively, compared with baseline
(P � .05). At this time point, no significant change in
BPR was seen in the thalamus, with 102 � 16%
compared with baseline (P � .77).

At 15, 30, 60, and 120 minutes after the onset of
seizures, all animals revealed a significant decrease in
BPR compared with baseline (P � .05). The maximal
decrease in BPR in the parietal, temporal and piri-
form cortex and thalamus was seen at 30 minutes
after the onset of seizures, with 70 � 8%, 61 � 17%,
76 � 15%, and 72 � 12%, respectively, compared
with baseline. The maximal decrease in BPR in the
amygdala and the hippocampus was seen at 60 min-
utes after the onset of seizures, with 62 � 11% and
65 � 9%, respectively, compared with baseline.

Six of 20 animals did not survive the 2-hour period

FIG 1. Regions of interest used for quantitative analysis. A,
Representative MR image on which regions of interest are out-
lined. B, Schematic drawing of a rat brain at similar level with
identical regions of interest superimposed. regions of interest
were defined as: retrosplenial parietal and temporal cortex (RCp
and RCt), piriform cortex (PC), hippocampus (Hippo), thalamus
(Thal), and amygdala (Amy).
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of seizures. The 2-hour mortality rate was 30%. All of
these animals died 30–60 minutes after the onset of
seizures. In these animals, BPR in the parietal and/or
temporal cortex immediately before death decreased
to �55% compared with baseline. Compared with
surviving animals, this decrease in BPR was signifi-
cantly higher. In contrast, BPR in the piriform cortex,
thalamus, amygdala, and hippocampus immediately
before death was not significantly different than that

of surviving animals. In surviving animals, BPR recov-
ered to 66%–79% compared with baseline at 2 hours
after the onset of seizures.

Neuronal Cell Loss after SE
Cresyl violet staining of brain sections from controls

revealed normal neuronal morphology in all of the brain
regions examined. There was no statistically significant
neuronal cell loss in all brain regions analyzed at 0.5 and

TABLE 1: Number of animals undergoing PWI at different time points after pilocarpine-induced SE (PWI-SE) or saline injection (PWI-control)
and analysis of neuronal cell death (histology) at different time points after SE induction (untreated � control)

Untreated 3 min 15 min 0.5 h 1 h 2 h 1 d 1 wk 2 wk

PWI-SE 20 20 20 15 12 – – –
PWI-control 3 3 3 3 3 – – –
Histology 3 2 2 2 2 2

FIG 2. Averaged BPRs in the retrosplenial parietal cortex of
pilocarpine-treated animals at baseline conditions and at 3, 15,
30, 60, and 120 minutes after pilocarpin-induced SE, respec-
tively. An asterisk denotes significant decease compared with
baseline conditions. A double asterisk denotes significant in-
crease compared with baseline conditions.

FIG 3. Averaged BPRs in the retrosplenial temporal cortex of
pilocarpine -treated animals at baseline conditions and at 3, 15,
30, 60, and 120 minutes after pilocarpin-induced SE, respec-
tively. An asterisk denotes significant decease compared with
baseline conditions. A double asterisk denotes significant in-
crease compared with baseline conditions.

FIG 4. Averaged BPRs in the piriform cortex of pilocarpine-
treated animals at baseline conditions and at 3, 15, 30, 60, and
120 minutes after pilocarpin-induced SE, respectively. An aster-
isk denotes significant decease compared with baseline condi-
tions. A double asterisk denotes significant increase compared
with baseline conditions.

FIG 5. Averaged BPRs in the thalamus of pilocarpine-treated
animals at baseline conditions and at 3, 15, 30, 60, and 120
minutes after pilocarpin-induced SE, respectively. An asterisk
denotes significant decease compared with baseline conditions.
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2 hours after SE induction compared with controls (P �
.05); however, at 1 day as well as 1and 2 weeks after the
onset of seizures, we observed a significant decline in
the number of neurons compared with controls in all of
the examined brain regions. Maximal neuronal cell loss
in all examined brain regions was seen at 2 weeks after
SE induction, and it was most pronounced in the piri-
form cortex (surviving neurons, 32 � 4%) and the amyg-
dala (surviving neurons, 38 � 5%). The different extent
of neuronal cell death in all brain regions examined at
0.5, 2, and 24 hours and at 1 and 2 weeks after SE
induction is presented in Table 2.

Correlation of Blood Flow Alterations and
Neuronal Cell Loss

There was a good correlation between the maximal
decrease in BPR between 30 and 60 minutes after

onset of seizures and the maximal neuronal cell loss
in the examined brain regions in the two animals
undergoing MR examination and histology at 1 day
after onset of seizures (r � 0.63), at 1 week after onset
of seizures (r � 0.66) and at 2 weeks after onset of
seizures (r � 0.73). At 0.5 and 2 hours after onset of
seizures, there was only poor correlation (r � 0.31).
In addition, there was poor correlation between the
maximal increase in BPR and the maximal neuronal
cell loss (r � 0.54).

Discussion
To the best of our knowledge, the present experi-

mental study is the first investigation of the effects of
generalized status epilepticus on MR measured cere-
bral blood flow in different brain regions in the very
early phase of SE (3 minutes to 2 hours after the
onset of seizures) in the rat pilocarpine model. In
addition, effects on neuronal cell loss at 0.5 hours to
2 weeks after the onset of seizures were assessed
histologically and correlated with the MR-derived ce-
rebral blood flow alterations.

The novel findings of the present study are (1) a
significant increase in cerebral blood flow immedi-
ately after the onset of seizures in the retrosplenial
and piriform cortex, the amygdala, and the hippocam-
pus (blood flow in the thalamus remained stable)
followed by (2) a significant continuous decrease in
blood flow to 57%–76% of baseline in all examined
brain regions 0.5–1 hour after the onset of seizures.
Thereby, (3) a decline of retrosplenial cortical blood
flow below 55% of baseline seems to be a prognostic
threshold value associated with subsequent death of
the animal. In addition, (4) the extent of decreased
blood flow in the early phase of seizures gives valu-
able information about the neuronal cell loss in the
postictal phase. PWI proved to be a sensitive tech-
nique for the early identification of regional seizure-
induced blood flow alterations with subsequent cor-
responding decrease in neuronal attenuation.

In this study, the rat pilocarpine model of epilepsy
was used. The systemic administration of the cholin-
ergic muscarinic antagonist is a widely used experi-
mental model of SE (16–18, 27). The pilocarpine
seizure model is used to study temporal lobe epilepsy,
because anatomic changes closely resemble those
seen in human mesial temporal sclerosis. After the
initially induced SE, a latent period of 2–3 weeks
takes place until spontaneous recurrent focal and
secondary generalized seizures as well as synaptic
reorganization arise following a latent period after SE
(26, 28–30). Although initiation of SE by pilocarpine
is due to activation of the cholinergic system, the
histopathology, neuronal cell loss, and spontaneous
seizure activity are thought to be a result of seizure-
induced glutamate release (27).

Among the drawbacks of the pilocarpine model is
that pilocarpine, even when used at high doses (320–
400 mg/kg i.p.), does not always induce SE. In the
present study, injection of 360 mg/kg pilocarpine in 32
animals resulted in 20 animals (62.5%) having con-

FIG 6. Averaged BPRs in the amygdala of pilocarpine-treated
animals at baseline conditions and at 3, 15, 30, 60, and 120
minutes after pilocarpin-induced SE, respectively. An asterisk
denotes significant decease compared with baseline conditions.
A double asterisk denotes significant increase compared with
baseline conditions.

FIG 7. Averaged BPRs in the hippocampus of pilocarpine-
treated animals at baseline conditions and at 3, 15, 30, 60, and
120 minutes after pilocarpin-induced SE, respectively. An aster-
isk denotes significant decease compared with baseline condi-
tions. A double asterisk denotes significant increase compared
with baseline conditions.
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tinuous behavioral seizures lasting for 2–8 hours. Fur-
thermore, the use of such high doses is associated
with a mortality rate as high as 70% (28), whereby the
duration of SE determines mortality rate (27). Al-
though peripheral cholinergic effects and mortality
rate can be reduced by injection of scopolamine be-
fore pilocarpine administration (15, 22), the 2 hours
mortality rate after onset of seizures in this study was
30%. In addition, two animals died within 2 weeks
after onset of seizures, so the overall mortality rate in
this study was 40%.

Pretreatment of rats with lithium, which markedly
potentiates the convulsant action of systemic colin-
ergic agents, allows the dose of pilocarpine to be
decreased with subsequent lower mortality and a
higher percentage of animals exhibiting SE (31). De-
spite this advantage, the average latency to the first
spontaneous seizures after the application of lithium
plus (repeated) low-dose pilocarpine treatment is ap-
proximately 40 days (32), which makes this model
unsuitable for MR-monitoring perfusion alterations
in the very early phase of SE.

Thus, the high-dose pilocarpine model was used in
the present study because (1) the chemoconvulsant is
easy to administer within the MR scanner, (2) sei-
zures start approximately 10–40 minutes after pilo-
carpine application and thus, MR-monitoring of the
acute phase of SE is possible, (3) when animals have
prolonged seizures consistent neuronal damage is ob-
served, (4) previous work has provided a suitable
basis for undertaking the current study, and (5) a
large percentage of animals exhibit development of
temporal lobe epilepsy within a few weeks after the
original SE event.

Warach et al (11) were the first do demonstrate
that regional hyperperfusion during focal SE can be
identified by using functional perfusion-weighted MR
techniques: relative cerebral blood volume (rCBV) in
the right temporoparietal cortex in a patient in focal
SE after a partial resection of a meduloblastoma was
91% higher compared with the contralateral hemi-
sphere. Concordant with this finding, Flacke et al
demonstrated an increase in rCBV of 28% in the
temporoparietal cortex at 3 hours after onset of non-
convulsive SE in a 68-year old man (12). Recently,
Calistri et al described transitory cortical hyperperfu-
sion at 2 days after the onset of epilepsia partialis
continua in a 83-year-old woman; relative cerebral
blood flow was approximately 35% higher compared
with contralateral areas and subsequently decreased

to near-normal perfusion at 7 and 15 days after the
onset of seizures (10).

As these case reports focused on unilateral SE,
MR-derived perfusion of brain parenchyma was nor-
malized relative to the corresponding regions in the
contralateral hemisphere. In contrast, the experimen-
tal animal model used in this study results in gener-
alized SE and subsequently leads to early neuronal
damage and edema formation in both hemispheres as
identified with diffusion-weighted MR imaging and
histology (24).

To overcome the resulting problem of perfusion
normalization, MR-derived brain perfusion was nor-
malized to corresponding regions at baseline condi-
tions, ie, before pilocarpine injection. In saline-
treated controls, there was no significant change in
relative blood flow indices in all examined regions
compared with baseline, confirming that no changes
had occurred because of animal handling and injec-
tions. We measured the BPR in the bolus-tracking
curves as a semiquantitative measure of cerebral per-
fusion, because this MR technique has been shown to
detect subtle perfusion alterations in small regions of
interest very accurately (33).

It must be emphasized that absolute cerebral blood
flow cannot be computed with this technique, because
it depends on the topology of the brain vasculature,
which is not known (34). Relative differences in flow
between comparable regions, however, can be esti-
mated accurately.

To the best of our knowledge, this is the first
experimental MR study by using PWI to detect blood
flow alterations at acute time points of less than 3
hours after pilocarpine-induced SE and comparing
these changes with the resulting neuronal damage.

Two previous experimental studies examined the
subacute phase of seizure-induced damage after
kainic acid injection (35, 36) by using DWI. In addi-
tion, Wall et al (24) used DWI to detect regional
neuronal damage between three and 24 hours after
the onset of pilocarpine induced seizures. In this
study, histologic verification of neuronal damage was
also performed. In all studies, the apparent diffusion
coefficient (ADC) reflecting the Brownian motion of
water molecules decreased significantly in the retro-
splenial and piriform cortex, and the amygdala. Al-
though ADC in the hippocampus also decreased sig-
nificantly after kainic acid application, there was a
rise of 19% in ADC in the hippocampus at 24 hours
after onset of pilocarpine-induced seizures, which in-

TABLE 2: Neuronal cell loss determined by cresyl violet staining in different brain regions at different time points after pilocarpin induced SE

0.5 hours 2 hours 24 hours 1 week 2 weeks

Parietal cortex 99 � 9% 101 � 5% 81 � 7%* 78 � 5%* 75 � 9%*
Temporal cortex 98 � 6% 93 � 7% 67 � 3%* 71 � 5%* 58 � 10%*
Piriform cortex 93 � 7% 90 � 7% 47 � 3%* 52 � 12%* 32 � 4%*
Thalamus 96 � 4% 100 � 9% 62 � 4%* 61 � 3%* 44 � 3%*
Amygdala 97 � 4% 101 � 10% 66 � 3%* 54 � 6%* 38 � 5%*
Hippocampus (CA1�2) 103 � 5% 97 � 7% 70 � 4%* 63 � 10%* 52 � 18%*
Hippocampus (CA3) 99 � 3% 103 � 8% 76 � 3%* 64 � 11%* 46 � 20%*

Note.—Values are number of surviving neurons given as percentage of control animals (100%).
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dicates quantitative differences in the degree of neu-
ronal cell loss within the hippocampus in both models
of SE (24)

Currently, there is a debate over mechanisms that
may contribute to shifts in ADC after tissue damage
resulting from seizures. In animal models of focal
brain ischemia, a decrease in ADC is thought to be
due to a rapid shift of water from the extracellular to
the intracellular compartment (37). The redistribu-
tion of intracellular and extracellular water, presum-
ably due to alteration in cell membrane permeability
and/or cytotoxic edema, has also been claimed to
occur in the acute phase of SE (5, 24, 36)

On the basis of the results of this study, comparable
to brain ischemia, a significant local hypoperfusion
early after the onset of SE may contributes to de-
creases in ADC. Local hypoperfusion of the amygdala
(62%) and the thalamus (72%) at 0.5–1 hour after the
onset of seizures were in the same range as in brain
ischemia (61%–63%; measured with PWI in the rat
suture model of focal cerebral ischemia), whereas
cortical hypoperfusion after the onset of seizures
(61%–76%) was less pronounced compared with
brain ischemia (35%–39%) (33).

It is interesting that, immediately after the onset of
seizures, local blood flow was significantly increased
for a couple of minutes in all examined brain regions
except the thalamus. This result may be explained by
an early increased metabolic rate for oxygen and
glucose closely coupled to a measurable increase in
blood flow (38). It may be hypothesized that the
following decrease in local blood flow as described in
this study is due to an early subsequent breakdown of
the cell energy state. Thus, a decline of retrosplenial
cortical blood flow below 55% (ie, on the level of
brain ischemia) seems to be a prognostic threshold
value associated with subsequent death of the animal.
Concordant with this finding, Dijkhuizen et al (39)
showed that relative blood flow indices in brain isch-
emia could result in irreversible tissue damage.

Neuronal cell loss after pilocarpin-induced SE has
been observed in many (40, 41) and partially quanti-
fied in some studies (20, 42,). The present study,
however, not only gives an extensive analysis of the
degree and time course of neuronal cell loss after
pilocarpin-induced SE, but also, for the first time,
provides evidence for a correlation between changes
of CBF in the acute phase of SE and delayed neuro-
nal damage. Therefore, the local decrease in CBF in
combination with an SE induced increased metabolic
rate in the affected brain regions could be, at least in
part, directly responsible for regional neuronal cell
loss in the subacute and chronic phase of SE. This
hypothesis is also supported by studies on cerebral
ischemia, which show delayed neuronal cell death in
selected brain regions (especially in the CA1 hip-
pocampus) after short decreases in CBF. As a restric-
tion of this study, brain metabolism and apoptosis
after the onset of seizures were not measured. There-
fore, this study cannot distinguish between reduced
brain perfusion as cause of cell death or whether the
reduced brain perfusion only reflects the diminished

metabolic demand of dying neurons already commit-
ted to apoptosis or necrosis.

The degree of neuronal cell loss observed in this
study between 0.5 hours and 2 weeks after SE induc-
tion is in line with other studies by using the same
model of SE (20, 42). Moreover, several other studies
also identified the piriform cortex, the amygdala, and
the hippocampus as the brain regions most severely
affected by pilocarpin-induced SE (40, 42). Like in
the present work, these studies detected the highest
degree of neuronal cell loss in these particular brain
regions.

Clinical Implications
MR imaging is the diagnostic technique of choice

for noninvasive detection of brain abnormalities in SE
patients. Seizure-induced chronic brain lesions are
visible on T1- and T2-weighted MR images, whereas
gross remodeling is detectable by use of hippocampal
volumetry (3).

In the very acute phase of SE, T1- and T2-based
imaging is limited compared with PWI, because these
techniques can only provide information about
chronic brain changes. PWI can make available addi-
tional physiologic information about ongoing cerebral
blood flow alterations associated with acute seizures.
In recent years, this technique has been used clinically
in the diagnosis and evaluation of ischemic brain
disease—namely, stroke (13). Although imaging a
patient during a seizure is rare and typically impract-
ible, cerebral blood flow measured by this MR tech-
nique gives early valuable information about the ex-
tent of neuronal cell loss in the postictal phase.

Conclusion
The key finding of the present study is that PWI is

capable of measuring local blood-flow alterations in
the acute phase of pilocarpine-induced SE in the rat.
Immediately after onset of seizures, PWI demon-
strates a transient cerebral hyperperfusion, followed
by a significant continuous decline to different perfu-
sion levels. In our experimental setting, a decline of
cortical blood flow below 55% of baseline seems to be
a prognostic threshold value associated with subse-
quent death. It is important to note that there is good
correlation between the maximal decrease in cerebral
blood flow in the acute phase of seizures and late
neuronal cell loss. Thus, we have found PWI to be a
sensitive MR technique for providing early informa-
tion about the expected neuronal injury after seizures.
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