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Neuronal and Glial Cell Populations in the
Piriform Cortex Distinguished by Using an
Approximation of g-Space Imaging after
Status Epilepticus

Shawnee Eidt, Edward J. Kendall, and André Obenaus

BACKGROUND AND PURPOSE: Temporal lobe epilepsy produces an injury cascade that
includes neuronal loss and gliosis. The pilocarpine model reliably reproduces the symptoms of
temporal lobe epilepsy and the resulting neuronal glial changes can be accurately depicted on
diffusion-weighted images. The judicious choice of diffusion-encoding gradients can isolate
multiple apparently isochromatic diffusing populations, but the assignment of these popula-
tions to specific tissue characteristics has been difficult. We sought to distinguish neuronal
tissue from glial cell-infiltrated tissue by using signatures from unique spin populations
obtained from an approximation of g-space imaging.

METHODS: Ten male Sprague-Dawley rats received pilocarpine injections to induce seizures.
All animals underwent diffusion-weighted imaging at 12 hours, 24 hours, and 7 days. At least
two animals were selected for histologic analysis at each imaging time point.

RESULTS: The results indicated that seizure-induced neurologic dysfunction may have been
reflected in the emergence of new spin populations. In the piriform cortex-amygdala region of
interest, the mean free diffusion path increased from 12 to 20 pum within 12 hours of seizure
onset and persisted for at least 7 days. These results were temporally correlated with histologic

evidence of necrotic changes.

CONCLUSION: Our results suggest that even incomplete sampling of ¢ space can provide

useful physiologic information.

Temporal lobe epilepsy (TLE) produces an injury
cascade that results in abnormality of the hippocam-
pal formation, piriform cortex, and amygdaloid nu-
clei. Neuronal loss and gliosis in these limbic struc-
tures are hallmarks of TLE, with the hippocampus
often being the most vulnerable area (1).

The rodent-based pilocarpine model of TLE pro-
duces sustained seizures mediated by excessive cho-
linergic stimulation. Injury is characteristically limited
to electrically active regions of the forebrain and
characterized by seizure-induced injury in the hip-
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pocampus, amygdala, thalamus, olfactory cortex, sub-
stantia nigra, and temporal cortices (2). Thus, the
pilocarpine model produces changes similar to those
associated with human TLE (3).

Animal models provide the opportunity to monitor
the pathologic evolution under defined conditions.
Although numerous imaging techniques exist, diffu-
sion-weighted imaging has evolved as the noninvasive
method of choice for detecting acute lesions caused
by cerebral ischemia (4, 5) and status epilepticus (6,
7). In diffusion-weighted imaging, contrast is modu-
lated by molecular water diffusion. Factors influenc-
ing random water movement include the viscosity of
the matrix, presence of reflective boundaries, and
local temperature. Cellular membranes and other
normal tissue barriers restrict the free movement of
water. Also important is the viscosity differential be-
tween the intracellular and extracellular compart-
ments. Together, these factors produce an environ-
ment in which diffusion is variably restricted, and the
measurement technique must be crafted to distin-
guish apparent changes from real changes (8).

When water molecules reflect from a surface, the
mean diffusion path is effectively reduced, resulting
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in an apparent decrease in diffusion. This specific
effect can be detected in an experiment in which the
time for diffusion is varied. This scenario might occur
if pathologic processes, such as excitotoxic injury,
produce neuronal swelling that decreases the extra-
cellular space. Alternately, the injury cascade might
include cell shrinkage and lysis, increasing the extra-
cellular space and thus producing an increase in ap-
parent diffusion due to decreased tortuosity (9). Real
changes in diffusion follow the reallocation of water
from a highly diffusing extracellular environment to a
more restrictive diffusing intracellular environment
(4, 10). The window for observing changes is impor-
tant. Downstream from a neurotoxic event, prolifer-
ating glial populations may also contribute to a de-
crease in the apparent diffusion coefficient (ADC) by
increasing intracellular tortuosity and thus restricting
water movement (1, 11).

In this study, we explored the premise that intra-
cellular water is restricted. If this is so, it may be
possible to discriminate intracellular water from ex-
tracellular water on the basis of signal intensity on
diffusion-weighted images by using a range of b values
(4). We also hypothesized that specific isochromats
are uniquely associated with evolving neuronal cell
death and the subsequent gliosis, as a biologic sequel.

In our treatment, we defined diffusion isochromats
as spin populations exhibiting similar mean-square
diffusion paths in a fixed observation period. An ex-
tension of this treatment, termed g space, identifies
spin populations on the basis of a probability density
function belonging to an isochromat (12, 13). This
investigation focused on diffusion changes in the piri-
form cortex at 12 hours, 24 hours, and 7 days after
seizure induction. Furthermore, by observing the
acute changes taking place over a range of b values,
we could discern signatures uniquely associated with
the neuronal and evolving glial populations. To our
knowledge, this is the first study to use diffusion-
weighted imaging to differentiate cell populations
with multiple b values after pilocarpine-induced sta-
tus epilepticus.

Methods

Animal Model

Ten male Sprague-Dawley rats (200-250 g; Charles River
Laboratories, Wilmington, MA) were housed in a room with a
controlled 12-hour light-dark cycle. They were allowed free
access to food and water before pilocarpine injection. Animal
care and use complied with institutional policies and guide-
lines. Freshly dissolved pilocarpine hydrochloride (380 mg/kg,
intraperitoneal; Sigma, St. Louis, MO), a cholinergic agonist,
was injected to induce seizures, as previously described (2, 11).
Peripheral cholinergic effects were minimized by the intraperi-
toneal administration of scopolamine methyl nitrate (1 mg/kg;
Sigma) 30 minutes before pilocarpine injection. Following pi-
locarpine administration, the animals were placed in an obser-
vation box, and their seizure activity was monitored. The se-
lection process for this study involved grading seizure severity
on a scale of 1 (no seizures) to 8 (repeated tonic-clonic seizures
>4 hours). Ten rats with a seizure level of 4 or higher were
included in the study for diffusion-weighted imaging analysis at
12 hours, 24 hours, and 7 days. At least two animals were
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selected for histologic analysis at each of the imaging time
points.

Diffusion-Weighted Imaging

Rats were anesthetized by means of isoflurane inhalation
(4% induction, 1.5% maintenance; Abbott Labs, Saint-Lau-
rent, Quebec, Canada). Their body temperature was continu-
ously monitored by using a rectal probe and maintained at
36°C = 1°C by using a feedback regulatory, heated water-flow
cushion. Twenty-four hours before the injection of pilocarpine,
control images were obtained in each rat. Data were collected
by use of a 3.0-T MR imaging unit with a 27-mm inner diameter
volume quadrature coil (Morris Instruments, Ottawa, Ontario,
Canada). Scout images were obtained in the coronal, trans-
verse, and sagittal planes to accurately position the sections.
Ten coronal sections, each with 2-mm thickness and inter-
leaved by a 2-mm separation, were positioned on the sagittal
scout image. These sections included the section anterior to
where the hippocampus curls inferiorly. Spin-echo diffusion-
weighted sequences were applied along the section (z) gradient
(TR/TE = 3200/100). Eight b values (0-30,000 s/cm?) were
applied along the section axis by using a single-echo spin-echo
sequence. The gradients were applied for 20 ms (8) and the
diffusion interval was set at 76 ms (A), but the gradient ampli-
tude was increased at each b value. The field of view was 50
mm, and the matrix dimensions were 128 X 128. Two averages
were used to increase the signal-to-noise ratio.

ADC maps were computed from diffusion-weighted images
by using a program developed in house, as previously described
(7, 14). The ADC was calculated for each pixel by using the
Stejskal Tanner equation, ADC = In[(S,/S,,)/b], where S,, is the
pixel intensity for a diffusion-weighted image and S, is the pixel
intensity for the corresponding zero-weighted image. The cal-
culations produced a family of maps with varying b values;
decreased signal intensity on a diffusion-weighted map indi-
cated a reduction in ADC.

Image Analysis

The section anterior to where the hippocampus curls infe-
riorly was analyzed. This position corresponded to a position at
approximately —3.60 mm from bregma and represented the
largest cross-sectional area for the region of interest (ROI): the
piriform cortex and amygdala. The bilateral ROIs were man-
ually drawn on the diffusion-weighted maps by using Cheshire
imaging software (Hayden Image Processing Group, Waltham,
MA). The piriform cortex and amygdala ROIs (both regions
combined) bordered each other and extended superiorly and
inferiorly. Care was taken to minimize the contribution of
signal intensity from the lateral ventricles (Fig 1).

Plots of ADC versus b Value

ADC values were computed by using a two-point fit to the
Stejskal Tanner equation and plotted against the gradient
weighting (b value) used to obtain the map. For a homoge-
neous population, such a plot features a zero-slope line signi-
fying a single population. When multiple spin populations are
present, the curve features several zero-slope regions or a
nonlinear negative slope, depending on the continuum of dif-
fusing spins. We defined a diffusion isochromat as a zero-slope
region on the curve of the ADC versus b value. Nonzero-slope
components were recognized as heterogeneous populations in
which the ADC changes over a specified range of b values.

Interpolation of Diffusion-Weighted Data

To address gradient limitations, the data were extrapolated
from 30,000 (25 mT/m) to 300,000 s/cm* (equivalent to 85
mT/m) (13). At the same time, b values and data points were
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Fic 1.  Spatial and temporal evolution of injury after pilo-
carpine-induced seizures. ROIs—piriform cortex (PC) and amyg-
dala (A)—are defined on the first control image. Increased signal
intensity in the piriform cortex and amygdala returned to control
levels by 7 days. Diffusion maps were generated from un-
weighted (b = 0 s/cm?) and weighted (b = 30,000 s/cm?) im-
ages. Note increased signal intensity in the piriform cortex (ar-
rows); corresponding hypointensities are seen on ADC maps,
particularly at 12 hours (arrows).

interpolated so that a Fourier transform of ADC versus g value
(g = v8G/2w, where vy is the gyromagnetic ration, 8 is the
gradient amplitude, and G is the gradient duration) could be
performed at uniformly spaced intervals. The data were Fou-
rier transformed with respect to ¢ and provided a probability
distribution from which peak height and peak width at half
height were extracted as measures of the relative mobility and
range of mobility of the spins within the ROI (15). A more
complete discussion of this approach is available (13, 16).

Statistical Analysis of MR Imaging Data

A left-versus-right comparison of ROIs was performed in all
animals by using a two-tailed ¢ test (P < .05). No significant
differences in ADC values were found; therefore, left and right
ROIs were grouped together to compare changes in ADC at
each time point in a one-way analysis of variance (ANOVA)
(P < .05). This analysis indicated that mean ADC values
significantly differed among b values at each time point. A
pairwise multiple-comparison procedure (Tukey test, signifi-
cant at P < .05 and highly significant at P < .01) was performed
to compare ADC values at individual b values for each time
point to isolate differences. ADC values without significant
differences for a particular time point were considered to
belong to the same diffusion isochromat.

Rats were grouped to compare ADC values at different time
points for a particular b value in a one-way ANOVA (P < .05).
This analysis indicated that mean ADC values significantly
differed among the time points for each b value. A pairwise
multiple-comparison procedure (Tukey test, significant at P <
.05 and highly significant at P < .01) was performed to compare
ADC:s at individual time points at the same b value in each ROI
group to isolate significant differences.
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Tissue Preparation and Histologic Methods

After imaging, the animals were anesthetized with a mixture
of ketamine hydrochloride (126 mg/kg, intraperitoneal; Ayerst,
Guelph, Ontario, Canada) and xylazine (10 mg/kg, intraperito-
neal; Bayer, Etobicoke, Ontario, Canada) then euthanized.
They were intracardially perfused with a fixative solution of 4%
paraformaldehyde in 0.12 mol/L Millonigs phosphate buffer (1
mL/g of body weight, pH 7.3). After perfusion, brains were left
in situ for 1 hour at 4°C and then postfixed for 1 hour in 4%
paraformaldehyde in 0.12 mol/L Millonigs phosphate buffer.
This step was followed by three 30-minute washes in 0.12 mol/L
Millonigs phosphate buffer. The brains were then placed in a
20% sucrose solution for a minimum of 2 days. After the
cerebellum and frontal cortex were removed, the brains were
frozen over dry ice and stored at —80°C. Sections (30 wm) were
obtained from brains sectioned at —20°C on a cryostat.

Sections were mounted on gelatin-chrome-alum coated
slides. Cresyl violet acetate 0.5% stain (Nissl stain) was used to
determine the presence of cell damage. Every 10th section was
stained and included the extent of the hippocampal formation
in a rostral-to-caudal direction. Sections at similar levels of the
brain were also stained by means of silver nitrate impregnation, to
provide a more obvious indicator of cells in the process of degen-
eration; this method stains dying neurons black or brown (17).

Results

Imaging Analysis

Our data (Fig 1) confirmed a temporal evolution of
injury in the piriform cortex following seizures, as
previously reported (7). Hyperintensities on the dif-
fusion-weighted images rapidly appeared in the piri-
form cortex and evolved over 48 hours after the in-
duction of status epilepticus. These alterations were
confirmed on the ADC maps as hypointense regions,
indicating substantially decreased diffusion (Fig 1).
The diffusion alterations in the piriform cortex ap-
peared to return to control levels within 7 days. Be-
cause the earliest diffusion changes were noted in the
piriform cortex, this region was selected for more
thorough analysis.

Our approach was to applzy multiple b values span-
ning a range (0-30,000 s/cm~) that could differentiate
mobile populations from restricted water popula-
tions. Figure 2 shows a sample dataset of our findings,
and Figure 3 provides a summary plot of our ADC
results. Progressive increases in b values resulted in
regional changes in signal intensity (Fig 2).

An operational definition was implemented to
identify a diffusion isochromat as a horizontal region
on the curve of ADC versus b when a two-point fit
was used to generate the curve. With this definition,
distinct diffusion isochromats were detected in the rat
piriform cortex. Two spin isochromats were observed
in the control piriform cortex (b = 7555-16,000 and
20,000-30,000 s/cm?) (Fig 3). Progressive increases in
b values resulted in localized changes in signal inten-
sity (Fig 2). These signal intensity changes were plot-
ted as a function of b value (Fig 3, dotted lines).
Statistical analysis confirmed that these s7pin gopula-
tions (ADC values of [126 = 2.39]10"" cm*“/s and
[108.41 = 2.12]10"7 cm?/s) differed significantly at
the 95% confidence interval. (The regions for lower b
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Fic 2. Typical results from a pilocarpine-treated animal at 12
hours after seizure induction illustrate the incremental contrast
changes associated with increasing diffusion weighting (b value)
during the evolution of injury. Note the decrease in signal inten-
sity with increased b-value weighting.
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Fic 3. Plot of ADC versus b value in the rat piriform cortex-
amygdala complex after pilocarpine-induced seizures. An iso-
chromatic population features contiguous ADC values that fall
on a horizontal line. Dotted line on the control plot illustrates the
two isochromats in control animals. The line for low b value
(nonzero slope) likely represents a heterogeneous cellular pop-
ulation, whereas the zero-slope line is likely composed of a more
homogeneous cellular population. After seizures, ADC de-
creases, and control isochromats realign (12 and 24 hours). At 7
days, an additional isochromat emerges; this may reflect the
histologically evident gliosis in the piriform cortex.

values are nonhorizontal and might be indicative of a
heterogeneous cellular population or tissue matrix.)

After status epilepticus, the rats had highly signif-
icant decreases (P < .01) in ADC in the piriform
cortex (Figs 2 and 3) at 12 hours. Two significantly
different diffusion isochromats were observed at 12
hours (b = 7555-16,000 and 20,000-30,000 s/cm?)
(Fig 3). Average ADC values were (81.2 = 5.99) X
1077 cm?/s and (62.9 = 4.04) X 10”7 cm?s, respec-
tively. The diffusion isochromats detected with the
lowest weightings (<16,000 s/cm?) had an average
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ADC decrease of 36%, whereas those detected with
the higher weightings (>16,000 s/cm?) decreased by
42% compared with control values.

Twenty-four hours after seizure induction, in-
creased signal intensity was still observed in the piri-
form cortex (Fig 2), and the mean ADC remained
significantly below control values, except at b =
16,000 s/cm? (Fig 3). Two isochromats were observed
at 24 hours (b value = 7555-12,888 and 16,000—
30,000 s/cm?; P < .05) (Fig 3). The average ADC was
94.32 + 3.31 cm?/s (75% of control) and 85.56 = 3.29
cm?/s (79% of control).

The diffusing water populations continued to
evolve for at least 7 days. The piriform cortex was
hypointense relative to the control (Fig 1). At this
time point, there were three significantly (P < .05)
different diffusion isochromats (b = 7555-12,888, b =
16,000-20,000, and b = 25,000-30,000 s/cm?). These
exhibited average ADCs of 171.51 * 5.24 cm?/s
(36% increase), 145.58 + 3.15 cm?s (146% in-
crease), and 130.02 *+ 2.28 cm?/s (20% increase),
respectively (Fig 3).

In summary, the control piriform cortex ROI ex-
hibited two isochromats on the plot of ADC versus b
value (Fig 3). At 12 hours, a new, relatively immobile
isochromat emerged (between 20,000 and 30,000
s/em?) and partially resolved by 24 hours. By 7 days,
dramatic shifts in experimentally defined isochromat
populations were evident, with a third isochromat
emerging.

q-Space Interpolation

These studies were extended to determine if ap-
proximating the conditions for g-space acquisition
might provide an additional quantitative measure of
these changes. Our multiple b-value datasets clearly
violated the principles of g-space imaging, but work
by numerous authors has shown that interpolation of
the dataset to approximate high b values can provide
physiologic and diagnostic information (15, 18). After
interpolating our ADC-versus-q (g = y86G/27r) trans-
forms, we obtained probability profiles from which
full-width-at-half-maximum values (Fig 4A) provided
an estimate of the mean free diffusion distance. In the
control animals, mean free diffusion distances were
close to 11.9 um. This decreased to 11.5 wm by 12
hours and remained reduced at 24 hours, with a
return to control levels at 7 days. Similarly, the prob-
ability of restricted (zero) displacement was dramat-
ically reduced (82% decrease) at 12 hours; this co-
incided with a decrease in the mean free diffusion
distance. At 24 hours, there was a subsequent in-
crease in the probability of zero displacement, fol-
lowed by a decrease at 7 days to a reduced level
compared with that of control levels (42% decrease).
The reduced probability-of-zero displacement in an-
imals with seizures was reflected in a loss of isochro-
mats exhibiting limited diffusion (Fig 4B).
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Fic 4. Extrapolation from our dataset to high b values yielded mean displacement and probability of zero-displacement plots.

A, Plot shows the transient decrease in mean proton displacement after seizure-induced injury. A moderate decrease is evident in the
mean diffusion distance that returns to control levels by 7 days.

B, Similarly, the probability of a proton having zero displacement after seizure induction rapidly and markedly decreases at 12 hours.
By 24 hours, this rebounds, indicating transient changes in the tissue matrix in the piriform cortex. By 7 days, the probability of zero
displacement is reduced compared with that in control animals. Together, these extrapolation parameters support tissue remodeling

that occurs as result of seizure-induced lesions.

Histologic Analysis

Tissue was processed after the final imaging time
point at 7 days for histologic evaluation. Cresyl violet
staining of coronal sections in tissue from control ani-
mals (n = 3) revealed a dense band of pyramidal cells in
layer II of the piriform cortex (Fig SA). Layer III also
contained numerous healthy neurons (Fig 5A).

However, at 7 days after pilocarpine-induced sei-
zures, the pyramidal cell layer (layer II) of the piri-
form cortex had been completely obliterated (Fig
5B). A similar but less dramatic reduction was also
seen in layer III (Fig 5B).

Aggregations of darkly stained neurons were ob-
served in the amygdala on cresyl violet stains. These
corresponded to the neuronal nuclei of this region.
Following pilocarpine administration, the amygdala

Fic 5. Cresyl violet (A and B) and silver
impregnation (C and D) stains of the piri-
form cortex (magnification x<10).

A, Sections in a control rat after imag-
ing shows no loss of neurons. Note the
density of darkly stained neuronal nuclei
in layers Il and .

B, Seven days after the induction of
seizures, marked neuronal loss and vac-
uolization of layers Il and Il are seen.
Note the decreased neuronal density of
layer Il (arrows).

C, Section in a control animal confirms
the lack of neuronal loss.

D, Few argyrophilically stained neu-
rons (arrowheads) are visible deep in the
piriform cortex 7 days after seizure in-
duction, because most degeneration
took place earlier. Note the loss of neu-
rons in layer |l (arrows) and vacuolization
of layer IIl.

contained pyknotic cells with shrunken nuclei and no
nucleoli by 7 days (data not shown).

The silver-degeneration technique was used to im-
pregnate neurons in the process of cellular degener-
ation; these appear as darkly stained (black or brown)
cells. Control tissue lacked darkly stained cells (Fig
5C). The silver-degeneration stain confirmed the his-
tologic features on cresyl violet stains. By 7 days, the
piriform cortex exhibited neuronal loss predomi-
nantly in layers II and III (Fig 5D). Furthermore,
these layers appeared largely vacuolated, as staining
intensity dramatically decreased (Fig 5D).

Control tissue from the amygdala also lacked sil-
ver-stained cells. By 7 days, scattered impregnated
neurons were found within amygdaloid nuclei after
silver-degeneration staining (data not shown).
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Fic 6. GFAP-stained sections of the
piriform cortex-amygdala complex.

A, Control section reveals a uniform
and diffuse staining pattern.

B, At 12 hours, section shows in-
creased staining properties, particularly
at the intersection of layer | and Il
(arrows).

C, This staining pattern was exacer-
bated at 24 hours, with increased vacu-
olization in layers lI-IV (arrows).

D, Seven days after seizures, GFAP
staining is substantially increased in lay-
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ers |, Il and IV. However, layer Il (region
bounded by dotted lines) is virtually de-
void of GFAP staining but stains with
OX42, an immunologic stain for micro-
glia (data not shown). G indicates gliosis.

Assessment of glial reactivity to injury was per-
formed by using glial fibrillary acidic protein (GFAP)
immunohistochemistry. In control piriform cortices,
uniform staining of glial cells was evident on the
GFAP-stained sections (Fig 6). GFAP staining sug-
gested few widely scattered glial cells (Fig 6A).
Twelve hours after seizures, loss of staining intensity
in the inner layers was evident; no significant change
in glial cell staining was observed (Fig 6B). Twenty-
four hours after seizures, the high-staining-intensity
region in layer I broadened, and further loss of stain-
ing intensity in layers II and III were noted; an in-
crease in glial cell staining was observed (Fig 6C).
Seven days after seizures, layer I was still present, but
layers II and III were represented as a featureless,
medium-staining-intensity region with significantly in-
creased glial cell staining. The area was virtually de-
void of neurons (Figs 5D and 6D).

Discussion

Pilocarpine-induced status epilepticus elicits acute-
onset seizures lasting for several hours, a quiescent
period characterized by normalization of EEG pat-
terns lasting for days, and subsequent spontaneous
recurrent seizures lasting for weeks, similar to events
in humans with TLE (2). Histopathologic features of
this model demonstrate large-scale neuronal loss in
the piriform cortex and amygdala, followed by up-
regulation of astrocytic protein markers (7, 19).

Several characteristics account for the sensitivity of
the piriform cortex and amygdala to pilocarpine-in-
duced seizures: neurons of the piriform cortex have
electrical properties that allow for rapid depolariza-
tion and cell firing; in vitro electrophysiologic studies
of the piriform cortex have demonstrated neuronal
foci with a high predisposition to epileptiform dis-
charges (20); in response to kindling, the amygdala

demonstrates one of the lowest seizure thresholds
(21); the olfactory bulbs project extensive cholinergic
fibers into the amygdala and piriform cortex; and if
the olfactory bulbs are removed, the administration of
pilocarpine results in none of the neuropathologic
damage normally associated with seizures (22).

In this study, we examined the hypothesis that dif-
fusion-weighted imaging can differentiate presump-
tive cell populations after sustained seizures in the rat
brain. We made several observations: 1) a decrease in
ADC in the piriform cortex and amygdala at 24 hours,
followed by a large increase in ADC at 7 days; 2)
altered diffusion isochromats following seizures; and
3) supporting histologic features that demonstrated
tissue remodeling. Together, these results support the
hypothesis that g-space imaging can be used to dis-
cern diffusion signatures unique to neuronal and
evolving glial populations.

We believe that an approximation of the g-space
experiment is a valid method for extracting physio-
logic information about evolving lesions after sei-
zures. Our physiologic findings in the piriform cortex
were that the g-space approximation provided a semi-
quantitative measure of changes in the distribution of
diffusion isochromats. The restricted diffusion com-
ponent and the mean distance traveled are indicators
of the distance between reflective boundaries. These
data are well correlated with our understanding of the
cellular changes that follow status epilepticus in the
piriform cortex (7).

Instantaneous diffusion is an isotropic event. How-
ever, measurement constraints and the heteroge-
neous matrix of biologic tissues constrain water dif-
fusion. Therefore, at the practical level, the diffusion
of water in biologic systems is an anisotropic phenom-
enon. Because these anisotropic features are spatially
selective, unique spin isochromats may serve as useful
reporters of their compartmental viscosity and the
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presence of reflective boundaries. In addition, be-
cause the signal-to-noise ratio is not infinite at higher
b values with which slower diffusing spins are prefer-
entially sampled faster, diffusing spins may become
part of the noise. By carefully selecting the b-value
range, the signal intensity can be populated with vary-
ing sets of diffusion isochromats (15, 23). Here, neu-
ropathologic inferences were corroborated by histo-
chemical staining.

Intracellular and Extracellular Diffusion

Diffusion in the intracellular compartment tends to
be slow compared with the extracellular compartment
because of the high concentration of macromolecules
producing molecular crowding. In addition, cytoplas-
mic structures may increase the tortuosity of the dif-
fusion path up to 10-fold (24). The cytoplasm is a
viscoelastic gel, the aqueous phase of which has a
viscosity two to six times that of bulk water (24). The
cytosolic protein concentration is 15-26% by weight
(25). As a result, there are likely to be significant
hydrodynamic, steric, and electrostatic interactions
among dissolved proteins that could further limit wa-
ter mobility (24).

Price et al (25) speculated that water ADC values
are smaller in the viscous intracellular compartment
than in the more fluid interstitial region. Interest-
ingly, Duong et al (5) found no significant difference
in reported ADC measured in the intracellular com-
partment compared with that in the extracellular
compartment. They quantified ADC by using
the compartment-specific marker 2-['°F]fluoro-2-de-
oxyglucose-6-phospate (2FDG-6P) in healthy and glo-
bally ischemic rat brains (5). Their observation, how-
ever, does not concur with our findings. If diffusion is
the same in both compartments, we should not observe
distinct spin populations on the plots of ADC versus b
value. This discrepancy might result from the inherent
sampling range of 2FDG-6P that corresponds to the
slow diffusing water population. Indeed, many clinical
systems require custom high-amplitude diffusion gradi-
ents to adequately sample 2FDG-6P diffusion.

However, seizure-induced lesions may have an eti-
ology different from that of ischemia-induced lesions
(5, 26). Seizures do not cause cessation of perfusion,
energy depletion, or a change in tissue temperature
that might partly account for the ADC decreases
observed in ischemia (27). In addition, energy pro-
duction is not arrested during seizures, although en-
ergy consumption increases enormously. Our ob-
served decrease in diffusion after seizures (<24
hours) might suggest that intracellular viscosity in-
creases. This is unlikely, as this early change results in
cell swelling, which would require a shift of water
from the extracellular compartment to the intracellu-
lar compartment. If no other intracellular change
occurs, decreased viscosity results and ADC in-
creases. Nevertheless, a decrease in viscosity involving
different mechanisms due to cell death remains a
possibility. The exact mechanisms that contribute to
decreased ADC in vivo remain obscure.
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In the piriform cortex and amygdala of the control
rodent, at least two distinct spin populations of un-
known origin were apparent (Fig 3). We propose that
the faster and smaller spin population is composed of
molecules from the extracellular compartment (25).
The viscosity in the intracellular compartment is
higher because of the presence of various cytosolic
structures and components; therefore, the ADC of
this compartment is comparably slower.

ADC, which initially decreased in the piriform cor-
tex and amygdala at 12 hours, continued to decrease
at 24 hours (Fig 3). We previously showed that pro-
gressive neuronal degeneration takes place during the
12-24-hour period (7) and that is accompanied by
glial swelling (28). These observations of the piriform
cortex are similar to previously reported findings (29).

The ADC decrease in the piriform cortex at 12 and
24 hours can be explained by cellular swelling in
which water rapidly shifts from the extracellular into
the intracellular environment (30). This is the result
of neurons in this region responding to the seizure-
induced excitotoxic damage. Again, with the onset of
cell swelling, the extracellular space decreases in vol-
ume-restricting diffusion.

Normally, cells contain high Na™* (140 mmol/L) and
low K™ (5 mmol/L) extracellular concentrations and
low Na® (12 mmol/L) and high K™ (150 mmol/L)
intracellular concentrations. However, during status
epilepticus, Na*/ K* ATPase activity increases, lead-
ing to a large increase (=~250%) in the rate of energy
use, along with increased membrane ion permeability
(31). When these conditions persist, ion homeostasis
cannot be restored (32). High extracellular [K*] and
intracellular [Na*] and [Ca™] cause an osmotic gra-
dient resulting in cellular swelling, decreased extra-
cellular space (>30%), and increased tortuosity (33).
These cellular changes in permeability and water dis-
tribution in status epilepticus are similar to those of
acute ischemia (34). It is likely that there are other
contributions to the observed decrease in ADC (8,
35). Nevertheless, a decrease in the extracellular
space and an increase in tortuosity remain probable
contributors to the observed decrease in ADC in the
extracellular compartment.

Extracellular water makes up 20% (36) of brain
volume, while the intracellular water accounts for the
remaining 80% (34% glial, 46% neuronal) (37).
Therefore, if intracellular volume increases by 6%,
extracellular volume decreases by 25% (38). This size-
able change in extracellular volume would likely con-
tribute to decreased ADC with a relatively small in-
crease in cell volume.

Within the presumptive intracellular compartment
(the slowly diffusing component), ADC also de-
creased (Fig 3). Water migration cannot be invoked
in this case. If the cytoplasmic environment remains
similar after status epilepticus, the influx of water
associated with cellular edema would tend to de-
crease the viscosity of the intracellular compartment,
thereby increasing the ADC (39). If increased viscos-
ity underlies the observed decrease in ADC, an alter-
native mechanism must be sought.
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Several mechanisms for increased intracellular vis-
cosity despite the edematous condition of the cells
have been proposed (5). One possibility is microtu-
bule dissociation after cell damage, but evidence from
human (40) and mouse (41) fibroblasts shows an
increase in the ADC after microtubule damage (40).
Therefore, it seems unlikely that microfilament disas-
sembly accounts for the decreased ADC seen in our
study.

g-Space Diffusion

Few reports describe g-space imaging in vivo. How-
ever, the considerable work of Cohen and Assaf et al
(13 15, 16, 18) has focused on white matter changes in
development and disease (13, 16, 18). These investi-
gators have shown that the extrapolation of diffusion-
weighted imaging findings obtained at a low b value to
datasets obtained with a high b value can provide
physiologic and diagnostic capabilities (15, 42). In
particular, they demonstrated that the slowly diffus-
ing population exhibits increased mean free diffusion
distance and decreased probability of zero displace-
ment in the spinal cord of spontaneously hypertensive
rats (13). These changes are consistent with axonal
loss and demyelineation.

Results of our own work concur with these obser-
vations. We observed a decrease in the mean free
diffusion distance at 12 hours that slowly returned to
control levels for the 7-day experimental period (Fig
4A). Conversely, a reduction in the probability-of-
zero displacement was also observed for the 7-day
period. We believe that g-space imaging can provide
novel diagnostic information about a new cellular
population (glial) after status epilepticus—induced in-
jury. These changes are consistent with increased
neuronal swelling and induction of glial hypertrophy
at 12 hours, which by 24 hours leads to massive neu-
ronal loss in the piriform cortex. Subsequent glial
invasion into the cortex results in the mean free dif-
fusion distance and probability for zero displacements
returning to near-control levels.

In the present study, we observed multiple diffu-
sion isochromats in the piriform cortex and amygdala,
whereas others have seen only a single population (5).
Higher diffusion weightings tend to disproportion-
ately conceal faster spins in the noise, enabling the
relative contribution of the slower spins to increase
and allowing for the appearance of a larger intracel-
lular ADC signal intensity. By 7 days, the ADC was
observed to increase above control levels, possibly
pointing to loss of tissue differentiation. Using a
kainic acid model, Nakasu et al (43) also observed a
decrease in ADC in the piriform cortex and amygdala
at 24 hours and a subsequent increase in ADC at 7
days.

Interestingly, by 7 days there appeared to be three
diffusion isochromats in the piriform cortex and
amygdala (Fig 3); a new intermediate population had
evolved. This population might represent a transition
between normal tissue structure and that in which
extensive gliosis has occurred. Another possibility is
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that three unique diffusion isochromats now exist:
possibly two cell populations (original neuronal pop-
ulation plus another cell population) and the extra-
cellular population. The new diffusion population
could be a new mixed cell population, a group of
neurons undergoing cytotoxic death, or a cell type
that was increasing in number. From the previous
explanation for the progression of excitotoxic cell
death in the piriform cortex and amygdala, it seems
highly unlikely that a different population of neurons
is undergoing cell death at this time point. The liter-
ature does report a second wave of cytotoxicity, but
does not support glial cell proliferation following a
large loss of neurons, as occurred here (44, 45).
Therefore, at this time point, many glial cells may be
present to fill in the gaps left by the degenerated cells
and therefore possibly account for the appearance of
the new diffusion population.

Conclusion

Putative cell populations can plausibly be differen-
tiated by inspecting line segments on curves of ADC
versus b value. Two notably different diffusion popu-
lations (rapidly diffusing extracellular and slowly dif-
fusing intracellular-assigned neurons) were observed
in the piriform cortex and amygdala at the control point
and at 12 and 24 hours. Three substantially different
diffusion populations were discerned by 7 days. While
population assignment is difficult, our hypothesis can
support one population assigned to the extracellular
space and two to intracellular spaces (probably glial and
neuronal). Finally, despite severe experimental limita-
tions, an approximation of g-space imaging provided a
correlative measure of gliosis after status epilepticus.
Together, these results provide the basis for future work
with therapeutic agents designed to prevent status epi-
lepticus-induced neuropathologic sequelae.
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