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Rapid Alterations in Diffusion-weighted Images with
Anatomic Correlates in a Rodent Model of

Status Epilepticus

Christopher J. Wall, Edward J. Kendall, and André Obenaus

BACKGROUND AND PURPOSE: Diffusion-weighted MR imaging has emerged as a non-
invasive tool for the detection of regional neuronal damage. We hypothesize that changes in
diffusion-weighted images will correlate with pathophysiologic alterations caused by pilocar-
pine-induced status epilepticus.

METHODS: MR images of brain tissues were examined in vivo by use of T2- and diffusion-
weighted imaging at 3, 6, 12, and 24 hours after pilocarpine-induced seizures. Histologic ver-
ification of neuronal damage was also performed after imaging to assess the extent and the
time course of neuronal cell death.

RESULTS: The piriform cortex, amygdala, and retrosplenial (and somatosensory) cortex
displayed significant apparent diffusion coefficient (ADC) decreases 12 hours after seizure ini-
tiation. In contrast, an ADC rise of 19% was observed in the hippocampus 24 hours after
seizure induction. Histologic data from the piriform cortex and amygdala confirmed severe
neuronal loss, whereas hippocampal damage was much less pronounced at 12 hours. Interest-
ingly, very little histologic damage was seen in the retrosplenial cortex.

CONCLUSION: This study capitalized on diffusion-weighted imaging as a sensitive technique
for the early identification of seizure-induced neuronal damage and differentiation of regional
severity of these alterations. Hippocampal neuropathology is slower and longer in duration (;7
days), while the piriform cortex and amygdala exhibit very rapid neurodegenerative alterations
(;24 hours) after pilocarpine-induced status epilepticus. These histologic changes are reflected
in opposing ADC values within these regions.

Human temporal lobe epilepsy (TLE) involves the
limbic structures of the brain, including the hip-
pocampal formation (Ammon’s horn, dentate gy-
rus, subiculcum), entorhinal cortex, and piriform
cortex (1). Mesial temporal sclerosis, including hip-
pocampal sclerosis, is the most common pathologic
abnormality found in TLE, and is characterized by
the loss of specific neurons in the hippocampus,
parahippocampal gyrus, and amygdala, with sub-
sequent glial proliferation (2, 3).

MR imaging can detect seizure-induced brain le-
sions that are visible on T1- and T2-weighted im-
ages (4–6). Diffusion-weighted imaging, available
on most clinical scanners, sensitizes the MR signal
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to the Brownian motion of water molecules. The
high sensitivity of diffusion-weighted imaging to
neuronal damage has resulted in its use for detecting
seizure-related brain alterations (7, 8). Diffusion-
weighted imaging has been used in several studies
with the kainic acid (an excitatory amino acid) mod-
el of TLE. As early as 1 hour, at 5 hours (8), and
12 hours (7) after kainic acid injection, the apparent
diffusion coefficient (ADC) decreased in the piri-
form cortex and amygdala. The lowest ADC values
were observed at 24 hours, after which they returned
to control levels by 7 days (7). In the hippocampus,
ADC values decreased transiently at 24 hours.

Obenaus et al (9), using the phenotypically sim-
ilar pilocarpine model of epilepsy, observed signif-
icant ADC decreases in the amygdala and piriform
cortex at 24 hours post pilocarpine injection, sim-
ilar to those previously reported (7). However, in
contrast to the kainic acid studies, an increased
ADC was observed at 24 hours in the hippocampus
(7, 9).

Lacking in published diffusion-weighted imag-
ing studies of epileptic damage is the systematic
examination of the diffusional changes during the
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acute phase of seizure-induced damage (7–11).
Furthermore, a comprehensive comparison of the
pathophysiological changes associated with the
acute diffusional changes seen on diffusion-weight-
ed images is needed. Although there are ample data
describing histologic alterations caused by pilocar-
pine-induced seizures (12–16), no correlative stud-
ies comparing MR with histologic analysis have
been reported. To our knowledge, this is the first
study that describes MR and histologic changes
that occur during the acute phase of status epilep-
ticus (SE). These findings can provide valuable in-
formation to clinicians regarding the neuropatho-
logic characteristics associated with seizures, as
viewed with MR imaging.

This study used diffusion-weighted imaging to
visualize the neuroanatomic changes occurring
from 3 to 24 hours after the induction of SE by
pilocarpine administration. We hypothesize that
changes visualized using diffusion imaging will
correlate with the acute progression of seizure-in-
duced neuronal damage in the hippocampus and
piriform cortex seen in histologic sections.

Methods

Animals and Seizure Assessment

Sustained seizures were induced in young adult male
Sprague-Dawley rats (200–250 g; Harlan) by the administration
of freshly dissolved pilocarpine hydrochloride (380 mg/kg i.p.;
Sigma, St Louis, MO), a cholinergic agonist. The injection pro-
tocols were similar to those previously described (12, 16, 17).
Peripheral cholinergic effects were minimized by injection of
scopolamine methyl nitrate (1 mg/kg i.p.; Sigma, St Louis, MO)
30 minutes prior to pilocarpine administration (18, 19). After
injection of pilocarpine hydrochloride, animals were placed in
an observation box, and their behavior was monitored. Only rats
that demonstrated robust behavioral seizures were included in
the present study. These animals were then studied with MR
imaging and neuroanatomic methods and at 3, 6, 9, 12, and 24
hours after pilocarpine-induced seizures.

MR Imaging

Rats were anesthetized with ketamine hydrochloride (100 mg/
kg s.c.; Ayerst, Guelph, Ontario, Canada) and Xylazine (0.01
cc/rat s.c.; Bayer, Etobicoke, Ontario, Canada). MR control
scans were performed on each rat prior to the injection of pi-
locarpine. Additional saline control scans were performed at 6
and 12 hours post injection to confirm that no ADC changes
had occurred because of animal handling and injections. Imag-
ing was performed on a 1.5-T SP Magnetom unit (Siemens,
Erlangen, Germany) with a 150-mm-diameter, small field-of-
view surface coil. Scout images were obtained in the coronal,
axial, and transverse planes to position the slices accurately.
Seven coronal slices, each with 2-mm thickness and 2-mm sep-
aration (center to center) were positioned on the transverse scout
image at the level of the hippocampal formation and piriform
cortex. After slice positioning, three interleaved spin-echo se-
quences were implemented: 1) unweighted diffusion, 2200/111
(TR/TE), b 5 0, 2) diffusion-weighted, 2200/111, b 5 1228 s/
mm2; and 3) multi-echo T2-weighted, 2000/20–245, 16 echoes.
The constant ‘‘b’’ is a composite derived from the magnitude of
the diffusion gradients. Data were collected in a 128 3 128
matrix, and the images were reconstructed after applying a Fer-
mi filter to enhance the signal-to-noise ratio. The diffusion gra-
dient was applied in the z direction, normal to the coronal plane

of the stereotaxically positioned rat, thus controlling anisotropic
variance. The unweighted sequence refers to an image collected
where the diffusion-encoding gradients have zero amplitude.
These images contain T2 contrast imposed by the echo time (TE
5 111 ms). In weighted images, the diffusion-encoding gradient
amplitude is set to achieve the desired diffusion contrast. The
gradient amplitude and duration are used to compute the weight-
ing factor, ‘‘b.’’ In these experiments, weighted images contain
both diffusion and T2 contrast. T2- and diffusion-weighted maps
were then calculated from the images.

Diffusion and T2 Map Generation

ADC was determined by the equation:

ADC 5 ln(So/Sn)/b

where Sn is the mean intensity for a diffusion-weighted image,
and So is the mean intensity for the corresponding unweighted
diffusion image (20). ADCs were calculated for each pixel in
the map. High ADC values were represented as bright on dif-
fusion-weighted maps. ADCs for regions of interest (ROIs)
were calculated as the mean of the ADC for all pixels in the
specified area.

T2 maps were generated from 16 echo T2 sequences. T2
relaxation constants were calculated for each pixel by nonlin-
ear least squares curve fit to the data by using the equation:

-t/T2M(t) 5 Mo(1-e )

where Mo is the initial magnetization value before decay, t is
the echo time (ms) and T2 is the spin-spin relaxation time.

Image Analysis

Image analysis was performed for each rat on a single slice
immediately anterior to the slice where the hippocampus can
be seen curling inferiorly. This position corresponded approx-
imately to bregma 23.60 mm and maximized the cross-sec-
tional area of each ROI (Fig 1) (21). Cheshire image process-
ing software (Hayden Image Processing Group, Waltham, MA)
was used to outline and analyze the ROIs that were confirmed
by a second researcher. The bilateral ROIs included the amyg-
dala (and associated nuclei), piriform cortex (including part of
the entorhinal and perirhinal cortices), hippocampus, retros-
plenial cortex (including motor and somatosensory cortices),
and thalamus (Fig 1). The thalamic ROI was used as an intra-
rat control, because it showed little signal change on diffusion-
weighted images after seizure induction. A 2-pixel width sep-
arated the hippocampi and retrosplenial ROIs. A line drawn
across the bottom of both hippocampi that extended across the
cortex demarcated the inferior border of the retrosplenial ROI.
The piriform and amygdala ROIs abutted each other and ex-
tended the same distance superiorly and inferiorly. Medially,
2 to 4 pixels separated the thalamus from the amygdaloid ROI
to minimize signal contribution from the lateral ventricle (Fig
1B). A 5 3 5 pixel square was centered within the thalamus.

Statistical Analysis of the MR Data

Left and right comparison of the bilateral ROIs was per-
formed for each animal by use of a one-way analysis of var-
iance (ANOVA) (P , .05). No significant differences were
found, so comparison of all rats in each treatment group was
performed using a one-way ANOVA (P , .05 for ADCs, P
, .01 for T2 values). No significant differences were found
between treatment groups and data were averaged for all rats
in their respective experimental and timed groups. A two-tailed
Student’s t test (significant at P , .05, highly significant at P
, .01) was then performed to compare the control values with
the experimental values at each time point post pilocarpine
injection. Saline injected controls, performed at 6 and 12
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FIG 1. ROIs used for quantitative analysis. A, Representative
control image on which ROIs were outlined using Chesire image
processing software. B, Schematic drawing of a rat brain at sim-
ilar level with the identical ROIs superimposed, illustrating the
accuracy of our ROIs. ROIs were defined as: retrosplenial cortex
(RC), hippocampus (Hippo), thalamus (Thal), amygdala (Amy),
piriform cortex (PC).

TABLE 1: Number of animals used at each of the imaging time
points

Time

MR Imaging

T2 Map ADC Map Histology

Control
3 hr
6 hr
9 hr

12 hr
24 hr

24
5
8
2
5
5

23
5
7
2
3
3

3
2
2
2
2
2

TABLE 2: Mean T2 relaxation constants (SEM; ms) from the regions of interest after pilocarpine injection

Region Control 3 hr 6 hr 9 hr 12 hr 24 hr

Retrosplenial cortex
Piriform cortex
Hippocampus
Amygdala
Thalamus

89.9 6 3.6
98.4 6 2.0
89.1 6 1.6
96.6 6 0.3
79.3 6 1.1

89.5 6 3.8
104.9 6 3.7**

95.8 6 3.5
105.1 6 4.6**

84.1 6 0.3**

87.6 6 2.3
105.3 6 5.0**

95.7 6 3.7
102.2 6 3.2

84.3 6 1.8**

86.3 6 6.0
105.7 6 5.8**
101.0 6 8.3**
98.7 6 4.7
82.7 6 3.8**

103.6 6 4.1*
116.7 6 4.1*
101.7 6 6.1**
109.7 6 3.7*

84.2 6 2.6**

92.7 6 4.3
134.0 6 4.9*
133.5 6 13.6*
118.5 6 4.8*

84.3 6 2.4**

* P , .01, ** P , .05

hours, were compared with untreated controls by use of a one-
way ANOVA (P , .05).

Tissue Preparation and Histologic Methods

Immediately after completion of the imaging sequence, the
animals were perfused intracardially with a fixative solution of
4% paraformeldehyde in 0.12 M Millonig’s phosphate buffer
(pH 7.3). Rats received 1 mL of fixative per 1 g of body
weight. After perfusion, the brains were processed, as de-
scribed previously (16).

Every 10th section was stained with cresyl violet to deter-
mine the general histologic characteristics of the tissue and the
location of the sections within the rostrocaudal extent of the
hippocampal formation. Sections at similar levels were then
processed for neuronal degeneration by using silver impreg-
nation stain. Silver impregnation methods were a modification
of Gallyas (22), and have been described in detail (16, 23).

Cresyl violet and silver stained sections were qualitatively
examined to determine general neuronal loss in the ROIs and
for the density of argoyphilic neurons that are in the process
of degenerating, indicating neuronal cell death.

Results

Animals
Injection of pilocarpine in 65 rats resulted in 20

animals (31%) having robust behavioral seizures for
inclusion in the present study (Table 1). Twenty-four
control scans obtained prior to injection were used
for the T2 maps (one experimental rat lacked a con-
trol scan). Twenty-three control scans were gathered
for the ADC maps (20 prescans from pilocarpine-
injected rats and three scans from rats used for con-
trol histology). Saline controls were performed on
six rats, and no behavioral abnormalities were ob-
served after injection. One experimental rat dem-
onstrated severe ventricular hypertrophy, and was
removed from the study. Behavioral seizures often
began 20 to 40 minutes after pilocarpine injection,
and were similar to previous reports (13, 19).

MR Assessment of Neuronal Alteration
T2 Images and Maps.—T2 images, acquired to

identify edematous brain regions, were processed
to generate T2 maps as a quantitative measure of
these regions. Signal changes on the T2-weighted
images were observed from 3 to 24 hours after pi-
locarpine administration and were similar to those
for the T2 maps.

Significant increases (P , .05) in T2 values were
seen at 3 hours in the piriform cortex, amygdala, and
thalamus (Table 2). Also, the piriform cortex and



AJNR: 21, November/December 20001844 WALL

FIG 2. Diffusion maps.
Diffusion maps were generated from unweighted (b 5 0) and weighted (b 5 1228 s/cm2) images. The b factor refers to the effective

diffusion weighting; it is a function of the amplitude of the gradients and their duration (see Methods for details). It is readily apparent
that at 12 and 24 hours there are widespread changes in signal intensity in the hippocampus and piriform cortex. These alterations are
quantified by an increase in ADC in the hippocampus (arrowheads), whereas there is a decrease in the piriform cortex (arrows) and
retrosplenial cortex (*). Note that the retrosplenial cortex returns to control ADC levels by 24 hours.

FIG 3. Normalized ADC values after pilocarpine-induced seizures.
Contrasting ADC (with standard error of the mean) changes

were found between different limbic regions. The piriform cortex
(and amygdala) show significant ADC decreases as early as 12
hours that are still present at 24 hours. Conversely, the hippocam-
pus displays a slow increase in ADC that is significantly elevated
at 24 hours. The retrosplenial cortex shows a decrease in ADC
that peaks at 12 hours but returns to control levels by 24 hours.

amygdala had highly significant increases at 12 and
24 hours (P ,.01), and the hippocampus demonstrat-
ed highly significant increases at 24 hours. The mean
T2 value for the retrosplenial cortex was significantly
elevated at 12 hours (103.6 6 4.1 ms), with a return
to control level at 24 hours (92.7 6 4.3 ms). Elevated
T2 relaxation constants were seen in most brain re-
gions at all experimental time points (Table 2).

Diffusion-weighted Imaging.—ADC values were
translated into gray-scale values on ADC maps for
spatial representation (Fig 2). No significant chang-
es were observed in control animals 6 or 12 hours
after saline injection. Three to 9 hours after pilo-
carpine-induced seizures, there was a trend toward
decreasing ADC values in the amygdala and piri-
form and retrosplenial cortices. No overt ADC
changes were observed in the hippocampus at these
time points. Twelve hours after seizure initiation,
significant decreases in ADC values were detected
in the piriform cortex (48% of control ADC),
amygdala (33%), and retrosplenial cortex (37%)
(Figs 2 and 3). At 24 hours, the mean ADC from
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TABLE 3: Mean ADC values (SEM; 3 1027 cm2/s) in the regions investigated after status epilepticus

Region Control 3 hr 6 hr 9 hr 12 hr 24 hr

Retrosplenial cortex
Piriform cortex
Hippocampus
Amygdala
Thalamus

76.2 6 4.4
85.6 6 4.7
87.1 6 4.5
90.4 6 4.8
78.2 6 5.4

77.6 6 8.5
74.0 6 6.8
96.6 6 8.4
87.3 6 8.3
90.3 6 9.3

65.8 6 6.0
70.9 6 6.9
89.3 6 7.4
73.6 6 6.3
80.9 6 7.7

62.6 6 10.3
55.5 6 9.5
92.3 6 14.2
92.3 6 14.3
79.1 6 16.2

45.8 6 8.1*
42.8 6 8.1*
92.3 6 12.4
57.7 6 7.2*
71.9 6 9.7

71.4 6 9.2
50.1 6 6.4*

106.2 6 12.5*
63.4 6 8.0
76.1 6 10.6

* P , .05

FIG 4. Cresyl violet and silver impregnation stain of the hilar region of the dentate gyrus.
A, Cresyl violet–stained sections in a control rat after imaging showing no loss of neurons. (M-molecular region, G-granule cell layer,

H-hilus, CA3-pyramidal cells of the hippocampal CA3 layer).
B, Twenty-four hours after the induction of seizures, there is a pronounced loss of neurons in the hilus seen in cresyl violet–stained

sections.
C, The silver degeneration stain in an adjacent section, from the same control animal in A, confirms the lack of neuronal loss within

the hilus of the dentate gyrus. Neuronal degeneration can be visualized as darkly stained neurons; this control section lacks any darkly
stained neurons.

D, The widespread loss of hilar neurons is confirmed after staining with silver degeneration methods. Arrowheads denote several
neurons that are clearly in the process of degenerating. Note that the other regions, including the CA3 region, did not have significant
neuronal degeneration. (Scale bar: 100 microns)

the piriform cortex and amygdala remained well
below control values, whereas the mean ADC cal-
culated from the retrosplenial cortex returned to
control levels (Table 3). Only at 24 hours was there
a significant increase in the mean hippocampal
ADC (19%) (Figs 2 and 3).

Histologic Analysis
Cresyl Violet Staining.—Cresyl violet staining of

brain tissue from controls revealed normal neuronal
morphology in all of the brain regions examined.
However, different rates of neuronal degeneration
were observed between the hippocampus and piri-
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form cortex. A previous study described the loss of
hippocampal neurons primarily within the hilar re-
gion of the dentate gyrus, whereas CA1–3 was
much less involved (16). The same study showed
that most of the neuronal degeneration was com-
plete by 7 days after pilocarpine-induced seizures.

In the present study, histologic assessment using
cresyl violet staining to determine neuronal loss re-
vealed no cell loss at 3 hours in any subregion of
the hippocampus. At 6 hours, cell density appeared
to decrease within the hilar region of the dentate
gyrus and CA3 regions with no change apparent in
the CA1 region. Marked cell loss in the hilar re-
gion, with some cellular thinning in the CA1 region
and medial and lateral regions of CA3, were ob-
served at 12 hours after seizure initiation. Cell den-
sity continued to decrease in the hilar region and
CA3 at 24 hours (Fig 4).

At higher resolution, microscopic examination
revealed shrunken, condensed nuclei lacking a nu-
cleolus in hilar neurons at all time points except 3
hours. However, on cresyl violet–stained sections,
pyknotic nuclei were difficult to identify in CA1
and CA3 regions (Fig 4).

In tissue from control or saline-treated animals,
cresyl violet staining revealed a dense normal band
of pyramidal cells in layer II of the piriform cortex
(Fig 5A). Layer III also contained numerous cresyl
violet–stained neurons, although the staining pat-
tern was more diffuse. Clusters of darkly stained
neurons could be also seen in the amygdala, which
corresponded with tissue nuclei of this region.

As early as 3 hours after SE, tissue changes were
evident within the piriform cortex. Many pyknotic
nuclei were evident along the entire length of cor-
tical layers II and III at 3 to 24 hours after seizures
(Fig 5B). Decreasing neuronal density was ob-
served in layers II and III at 6 and 12 hours, and
by 24 hours few cells remained within the piriform
cortex (Fig 5). This decreasing neuronal density
corresponded with an increasing concentration of
neuronal debris (Fig 5). The amygdaloid nuclei fol-
lowed a similar temporal progression of damage,
demonstrating severe neuronal loss by 24 hours.

Examination of control cortical tissue stained
with cresyl violet revealed a reduced band of darkly
stained neurons in layer II of retrosplenial (and so-
matosensory) cortex. More diffuse staining of py-
ramidal cells was observed in layers III and VI. No
pyknotic or shrunken neurons were observed in
control tissue sections (Fig 6B).

Histologic changes in the retrosplenial cortex
were observed exclusively at 12 hours. A band of
decreased staining intensity and scattered pyknotic
cellular nuclei incorporating cortical layer IV–VI
stretched along the entire retrosplenial ROI. Sur-
prisingly, 12 hours later, the neurons in the band
exhibited normal staining characteristics and cel-
lular morphology, although occasional pyknotic
neuronal nuclei could be seen (Fig 6). This is in
concordance with the MR findings where the mean
ADC for the retrosplenial cortex also returns to

normal at 24 hours after a significant decrease at
12 hours (Fig 3).

No observable histologic changes in the thala-
mus were seen at any of the experimental time
points.

Silver Impregnation Methods.—A modified Gal-
lyas (22) silver degeneration technique was used to
impregnate neurons in the process of cellular de-
generation. ‘‘Development’’ of the tissue reveals
dying neurons stained darkly as black- or dark
brown–filled cells (Fig 4) (22).

In control tissue from all brain regions examined,
it was rare to see any darkly stained neurons after
silver impregnation. However, in the hippocampus
after pilocarpine-induced seizures, a moderate
number of hilar neurons impregnated with silver
were observed from 3 to 24 hours (Fig 4C and D).
Similar profiles of degenerating neurons, starting at
6 hours and persisting until 24 hours after SE in-
duction, were also present in the CA3 region. In
the CA1 region, degenerating neurons were only
observed in significant quantity at 12 hours.

In the piriform cortex, few degenerating neurons
were observed up to 6 hours, but by 12 hours, the
majority of neurons began to degenerate in layer
II. Layer III of the piriform cortex and all amyg-
daloid nuclei demonstrated moderate numbers of
dying neurons at 6 to 12 hours (Fig 5C and D).
Twenty-four hours after seizure onset, only a mod-
erate number of dying neurons were observed in
the piriform cortex and amygdala, as this region
now appeared to be largely devoid of neurons. De-
creased staining intensity in the inner cortical lay-
ers of the piriform cortex was also seen at 12 hours,
indicating possible tissue edema with concomitant
neuronal loss (Fig 5).

The retrosplenial cortex followed a unique pro-
gression of cellular death. Occasional scattered dy-
ing neurons were evident at 6 hours in layers II and
III. However, at 12 hours after seizure induction, a
band of edematous tissue, indicated by decreased
background staining and increased distance be-
tween neurons, incorporating layer IV–VI, was ob-
served in the silver-stained sections, similar to
those evident on the cresyl violet–stained sections
(Fig 6B and E). Few degenerating neurons inhab-
ited this band, but a moderate proportion of the
neurons in layer III were argyophilic (Fig 6E). At
24 hours, the edema was resolved, and few dying
neurons were seen in this region (Fig 6C and F).
Thus, by 24 hours, this tissue appeared similar to
control levels from imaging and histologic
perspectives.

At all experimental time points, occasional scat-
tered thalamic neurons were observed to be in the
process of degeneration (data not shown).

Discussion
The novel findings of the present report are: 1)

a decrease in mean ADC in the amygdala/piriform
cortex region temporally associated with neuronal
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death, 2) an increase in ADC within the hippocam-
pus by 24 hours, and 3) a large decrease in ADC
in the retrosplenial cortex at 12 hours that recov-
ered by 24 hours without a corresponding decrease
in neuronal density. Diffusion-weighted imaging
proved to be a sensitive MR technique for the early
identification of regional seizure-induced neuronal
damage.

Pilocarpine Model of SE
The pilocarpine model of epilepsy, similar to hu-

man TLE, is associated with neuronal loss in the
hippocampus, specifically the CA3, CA1, and hilar
region, with subsequent glial proliferation (24); for
review, (16, 25). Furthermore, axonal remodeling
in the supragranular region of the dentate gyrus, in
conjunction with the neuronal loss, is seen in both
the pilocarpine model (16, 26) and human TLE
(27). Neuronal damage in human TLE and in the
pilocarpine model is not restricted to the hippocam-
pus, but often extends to extrahippocampal limbic
structures as well.

The pilocarpine model was used in the present
study because, 1) the chemoconvulsant (pilocar-
pine) is easy to administer, 2) when animals have
prolonged seizures, consistent neuronal damage is
observed, 3) neuronal damage within the hippo-
campus is not extensive, but tends to be more se-
lective for dentate hilar neurons, 4) previous work
has provided a suitable basis for undertaking the
current study, and 5) a large percentage of animals
exhibit recurrent seizures many months after the
original SE event.

Piriform Cortex/Amygdala
We saw a significant ADC drop in the amygdala

and piriform cortex at 12 hours that coincided with
an increase in the number of degenerating neurons
and a moderate decrease in neuronal density. Tissue
edema, as indicated by increasing mean T2 relax-
ation constants, accompanied the ADC reduction
(Table 2). At 24 hours, ADCs remained low in the
amygdala/piriform cortex and were similar to val-
ues cited in previous reports (Figs 2 and 3) (8, 9).

To our knowledge, this is the first MR study to
evaluate neuronal damage at acute time points of
less than 24 hours after pilocarpine-induced SE.
Two previous studies examined the acute phase of
seizure-induced damage after kainic acid injection
(7, 8). The similarity of damage induced by both
kainic acid and pilocarpine in this region allows some
comparison of the MR findings. Our findings of
early ADC decreases and severe neuronal damage
in the amygdala/piriform cortex are similar to kain-
ic acid–induced seizures (Figs 3 and 5) (7, 8, 28).

As previously reported, we found that the limbic
structures were highly sensitive to pilocarpine-in-
duced SE (12, 15, 19). Of particular sensitivity are
the piriform cortex and amygdala. Several charac-
teristics of these structures account for their high

sensitivity. First, the neurons of piriform cortical
layer have electrophysiological properties that al-
low for rapid depolarization and cell firing. Sec-
ondly, kindling studies have shown a rapid pro-
gression to seizures in the amygdala, and in vitro
electrophysiological studies of the piriform cortex
have demonstrated neuronal foci with a high pro-
pensity for epileptiform discharges (29–31). Final-
ly, cholinergic fibers from the olfactory bulbs ter-
minate in the amygdala and piriform cortex.
Pilocarpine administration after removal of the ol-
factory bulbs prevents all neuropathologic sequalae
normally associated with pilocarpine-induced sei-
zures (32).

Hippocampal Formation
The diffusional changes seen in the hippocampal

formation (CA1, CA3, hilus, and dentate gryus) are
a novel finding of this study. The rise in ADC with-
in the hippocampal formation at 24 hours correlat-
ed with moderate numbers of degenerating neurons
in the hilar and CA3 regions and resulted in a min-
imal overall decrease in neuronal numbers (Figs 3
and 4). Wang et al (7) reported a significant de-
crease in hippocampal ADC at 24 hours in the
kainic acid model used to induce SE. While at 3
and 6 hours, occasional degenerating neurons were
observed, general neuronal density in the hippo-
campus was unchanged. This translated into no sig-
nificant change in ADC values, but a significant
rise in the mean T2 relaxation constants (Tables 2
and 3). Thus, the increased T2 relaxation constants
do not necessarily reflect neuronal damage. For ex-
ample, in the thalamus, T2 relaxation constant in-
creases were not associated with any significant tis-
sue damage.

However, the increased ADC in the hippocampus
at 24 hours found in the present study is at odds
with the kainic acid studies in which a decreased
ADC was observed in the same region. Several dif-
ferences between these models could account for
these opposing results. First, this discrepancy could
be due to the different mechanisms employed in
the generation of SE. Kainic acid, an excitatory
amino acid similar to glutamate, selectively effects
neurons expressing the kainic acid receptor. Con-
comitant activation of N-methyl-D-aspartate
(NMDA) receptors by glutamate results in excito-
toxic neuronal cell death (33–36) in hippocampal
CA1 and CA3 pyramidal cells, which are particu-
larly sensitive to kainic acid due to a high density
of kainic acid and NMDA receptors (37). This in-
creased receptor density results in significantly
more pyramidal cell loss (CA3, CA1) than that
seen in the pilocarpine model (15). Cell loss in the
kainic acid model is so dramatic that the CA3 re-
gion is often totally ablated.

Secondly, pilocarpine, a cholinergic agonist, ac-
tivates cholinergic inputs to the granule cells of the
dentate gyrus. In the hippocampus, the excitatory
cholinergic and glutaminergic activation is filtered
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FIG 5. Histologic assessment of neuronal damage in the piriform cortex and amygdala 12 hours after pilocarpine-induced seizures.
A, Cresyl violet–stained section from a control animal. Note dark neuronal staining in layers II-III and in the nuclei of the amygdala.
B, There is marked neuronal loss and vacuolization of layer II-III in the piriform cortex (arrows).
C, Silver degeneration staining confirms the lack of neuronal loss in this section from a control animal.
D, Twelve hours after the induction of SE, there are numerous darkly stained neurons in layer II-III of the piriform cortex (arrowheads)

and some nuclei of the amygdala. Arrows indicate widespread loss of pyramidal cells in the piriform cortex. (Scale bar: 100 microns)

by the granule cells of the dentate gyrus, which are
highly resistant to SE-induced death. However, the
secondary excitation of CA3 and CA1 neurons is
not sufficient in the pilocarpine model for initiating
large-scale neuronal damage often seen in the kain-
ic acid model. The neurons within the hilus are
very sensitive to seizure-induced activation, and in
virtually all models of epilepsy these cells are
found to die (Fig 4) (16, 19, 28, 38).

Finally, large numbers of hippocampal neurons
(CA1, CA3, hilus) in the kainic acid model die
quickly over a relatively short period. This con-
trasts considerably with the pilocarpine model of
SE, where there is neuronal death to a limited de-
gree in selected regions, and the time course of this
neuronal death is much longer, often taking 7 to 14
days to complete (Fig 4) (16). This limited and
slower neuronal death would result in a decreased
macrophage and astroglial response within the hip-

pocampal formation compared with that in the pir-
iform cortex. This limited gliosis, at least during
the first several days, would decrease the tortuosity,
allowing increased bulk flow of water, thus leading
to increased ADC within the hippocampal regions.

In summary, the increased ADC in the hippo-
campus seen in our study compared with the de-
creased ADC seen in the kainic acid reports likely
reflects quantitative differences in the degree of
neuronal loss within the hippocampus. Kainic acid
administration often results in large-scale neuronal
degeneration in the CA1 and CA3 regions, whereas
in the pilocarpine model, only small numbers of
neurons are affected in this region.

Retrosplenial Cortex
Interestingly, in the retrosplenial cortex, a sig-

nificant decrease in ADC and T2 values contrasted
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FIG 6. Silver and cresyl violet staining of retrosplenial cortex.
Histologic assessment of the retrosplenial cortex following pilocarpine-induced seizures. A, Control (A), 12-hour (B), and 24-hour (C)

cresyl violet–stained sections after pilocarpine-induced seizures. Note the apparent swelling in cortical layers III-VI (arrow) at 12 hours,
which appears to remit to control levels by 24 hours.

Control sections (D) stained for silver degeneration show no neuronal degeneration, whereas 12-hour tissue sections (E) depict
moderate neuronal death (arrowheads). By 24 hours (F), there is no overt neuronal degeneration. There are occasional neurons that
appear to be undergoing neuronal death (arrowheads) at this time point. (Scale bar: 100 microns)

with the normal (control) values seen at all other
experimental time points (Fig 3, Table 2 and 3). At
12 hours, the silver degeneration stain revealed a
limited number of dying neurons in cortical layers
IV through VI. In cresyl violet– and silver-stained
sections, there appeared to be large distances be-
tween neurons, which was reflected as a decreased
staining intensity of the tissue (Fig 6), suggesting
that edema in layers IV–VI was present at 12 hours.
No edema and little cell degeneration that coincid-
ed with the ADC values and T2 relaxation con-
stants returning to control levels were observed at
24 hours. These novel findings illustrate the im-
portance of serial measurements of diffusion-
weighted imaging in clinical settings for temporal
and regional changes.

In our study, as in previous reports, neocortical
damage was significantly less than in limbic struc-
tures (14, 15).

Putative Mechanisms for ADC Changes

Currently there is a debate over mechanisms that
may contribute to shifts in the ADC after tissue
damage resulting from seizures. This is due, in part,
to a lack of data comparing histologic changes with
the associated ADC fluctuations. Previous studies
of diffusion-weighted imaging have focused pri-
marily on MR changes (7, 8). We attempted to do
a systematic comparison of diffusion-weighted im-
ages and associated histopathologic changes to pro-
vide a cohesive view of seizure-induced alterations
within the rodent brain. In the amygdala/piriform
cortex, the decreased ADC was associated with sig-
nificant neuronal dropout and ongoing cellular
death (Figs 3 and 5). In animal models of focal
brain ischemia, ADC decreases within 10 to 30
minutes of the initial infarct and is thought to be
due mostly to a rapid shift of water from the ex-
tracellular to the intracellular compartment (39).
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The intracellular compartment is more restrictive to
water movement, and thereby decreases ADC (39,
40). Epileptic-induced lesions have different char-
acteristics than those of ischemia: there is no ces-
sation of perfusion, energy depletion, or decrease
in tissue temperature that might, in part, cause the
ADC decreases seen in ischemia (41). However, in
both cases, there is decreased water mobility, but
the mechanisms mediating the ADC changes are
likely to be different.

Multiple factors can contribute to seizure-in-
duced decreases in ADC seen within the amygdala/
piriform cortex. Neuronal cell death has been ob-
served to begin as early as 3 hours after the onset
of SE. This neurodegeneration leads to macrophage
invasion and swelling of both astrocytes and the
remaining neurons, resulting in an increase in total
water (edema) seen on the T2 maps. Swelling of
the neuronal population is likely caused by cyto-
toxic edema due to long-term excitation. Taken to-
gether, these mechanisms would contribute to re-
duce the extracellular space (42). Neuronal density
was markedly decreased after 12 hours of initiation
of SE. Thus, one would postulate that decreased
density of neurons would actually lead to an in-
crease in the extracellular space, and therefore in-
crease water mobility; however, this is not the case.
In response to neuronal cell death, a large number
of macrophages and then astrocytes proliferate and
hypertrophy. We propose that these mechanisms
contribute to the decreased water mobility. Injury-
related changes, including release of amino acids
and ions, result in pulsatile or long-term glial and
astrocytic swelling. This in turn leads to compen-
satory decrease in the extracellular volume and in-
creased tortuosity (43). Additionally, tortuosity,
which reflects both the hindrances to movement
imposed by the cellular structures of the brain and
the connectivity of the extracellular space, could
play a significant role (42). Thus glial hypertrophy,
proliferation, and swelling may increase both ex-
tracellular and intracellular tortuosity, resulting in
a decreased ADC.

A different mechanism would appear to account
for increased hippocampal ADC. The degree and
onset of hippocampal neuronal damage is very
much less pronounced than in the amygdala/piri-
form cortex. Neuronal degeneration within the hip-
pocampus occurs more slowly, and continues for 7
to 14 days after seizures (16). Thus, slow but con-
tinuous neuronal degeneration within the hilus of
the dentate gyrus could reduce the amount of hy-
pertrophy and proliferation of glial cells (Fig 4).
Water still accumulates, as indicated by the in-
creased T2 signal, but we speculate that glial and
astrocytic membranes are likely not present in large
enough numbers to restrict the water movement.
This results in a progressive increase in ADC that
may return to control levels as gliosis starts to oc-
cur in the hippocampus (Fig 3) (9, 16).

The mechanisms underlying the decrease in
ADC seen in the retrosplenial cortex are unique.
The moderate and transient neuronal activation
from seizures that may manifest at 12 hours are a
result of transient swelling of the neuropil that in-
crease the tortuosity of the cortex (Fig 3, 6). The
tissue edema at 12 hours appears to resolve by 24
hours after SE and is reflected by the ADC return-
ing to control values. This finding, to our knowl-
edge, has not been previously described in the lit-
erature.

Clinical Implications

Human TLE involves the limbic structures of the
brain, including the hippocampal formation (Am-
mon’s horn, dentate gyrus, subiculcum), entorhinal
cortex, and piriform cortex. Forty percent of TLE
cases are considered intractable to pharmacologic
therapy, and many of these patients must undergo
surgical resection of the seizure foci to control their
seizures (1). MR imaging is the diagnostic tech-
nique of choice for noninvasive detection of these
brain abnormalities. Seizure-induced brain lesions
are visible on T1- and T2-weighted MR images,
whereas gross remodeling is detectable by use of
hippocampal volumetry (4–6).

Although T1- and T2-based imaging protocols
can be used to provide anatomic information about
chronic brain changes, these MR imaging tech-
niques are limited compared with diffusion-weight-
ed imaging. Diffusion-weighted imaging can make
available additional information about ongoing
neuropathology associated with acute seizures. Dif-
fusion-weighted imaging is used clinically in the
diagnosis and evaluation of ischemia and for acute
brain disease (ie, stroke) (44, 45). Recently, several
clinical studies using diffusion-weighted imaging
have suggested that this MR technique can provide
important diagnostic information about acute brain
changes as a result of seizures (46). Furthermore,
lateralization of seizure foci by use of diffusion-
weighted imaging has been beneficial (47). Similar
to our findings herein, an increased ADC was
found within the hippocampus of patients with re-
fractory epilepsy (48). Thus, we believe that dif-
fusion-weighted imaging can provide useful clini-
cal information for the diagnosis and treatment of
patients with epilepsy, with particular reference to
neuropathology.

Conclusion
The key finding of the present study is that dif-

fusion-weighted imaging is capable of distinguish-
ing between differing levels of SE-induced dam-
age. After SE, decreased ADC would suggest
severe, widespread neuronal damage, as is shown
with silver degeneration staining. However, data
from the hippocampus in this study suggest that
increased ADC actually denotes less severe tissue
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damage. Thus, we have found diffusion-weighted
MR imaging to be a sensitive technique for pro-
viding acute indications of evolving in vivo brain
tissue alterations.
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