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SUMMARY

Objective: Aberrations in brain developmentmay lead to dysplastic structures such as

periventricular nodules. Although these abnormal collections of neurons are often

associated with difficult-to-control seizure activity, there is little consensus regarding

the epileptogenicity of the nodules themselves. Because one common treatment

option is surgical resection of suspected epileptic nodules, it is important to determine

whether these structures in fact give rise, or essentially contribute, to epileptic activi-

ties.

Methods: To study the excitability of aberrant nodules, we have examined c-fos activa-

tion in organotypic hippocampal slice cultures generated from an animal model of

periventricular nodular heterotopia created by treating pregnant rats with methylaz-

oxymethanol acetate. Using this preparation, we have also attempted to assess tissue

excitability when the nodule is surgically removed from the culture. We then com-

pared c-fos activation in this in vitro preparation to c-fos activation generated in an

intact rat treated with kainic acid.

Results: Quantitative analysis of c-fos activation failed to show enhanced nodule excit-

ability compared to neocortex or CA1 hippocampus. However, when we compared

cultures with and without a nodule, presence of a nodule did affect the excitability of

CA1 and cortex, at least as reflected in c-fos labeling. Surgical removal of the nodule

did not result in a consistent decrease in excitability as reflected in the c-fos biomar-

ker.

Significance: Our results from the organotypic culture were generally consistent with

our observations on excitability in the intact rat—as seen not only with c-fos but also in

previous electrophysiologic studies. At least in this model, the nodule does not appear

to be responsible for enhanced excitability (or, presumably, seizure initiation). Excit-

ability is different in tissue that contains a nodule, suggesting altered network function,

perhaps reflecting the abnormal developmental pattern that gave rise to the nodule.

KEY WORDS: c-fos, Dysplasia, Epileptogenicity, Nodular heterotopia, Organotypic

slice cultures, Seizure initiation.

Cortical dysplastic lesions are now recognized as a com-
mon feature of brain tissue involved in epileptic
discharge.1,2 Focal cortical dysplasia (FCD) comes in many
forms, and may arise from a variety of “insults” that alter
the development and/or organization of the tissue, including
genetic mutations and/or external trauma.3,4 The abnormal
regions of the brain may include pathologic cell types (e.g.,
balloon cells) or simply “normal” ectopic neurons. Given
this variability, it is really not possible to make any general
statements about the role of these abnormalities in the

Accepted January 20, 2015; Early View publication March 6, 2015.
Departments of *Neurological Surgery, †Public Health Science,

University of California, Davis, Davis, California, U.S.A.; and ‡Institute
for Clinical and Translational Science and Department of Medicine,
University of California Irvine, Irvine, California, U.S.A.

Address correspondence to Philip A. Schwartzkroin, Department of
Neurological Surgery, School of Medicine, University of California, Davis,
One Shields Ave., Davis, CA 95616, U.S.A. E-mail: paschwartzkroin@
ucdavis.edu

Wiley Periodicals, Inc.
© 2015 International League Against Epilepsy

626

FULL-LENGTHORIGINALRESEARCH



generation of epileptic activities. Yet, there has been a
pressing practical need to assess the “epileptogenicity” of
these lesions, since surgical management of epileptic brain
regions often involves decisions about the antiepileptic effi-
cacy of removing the dysplastic brain region.

To contribute to this discussion, we have been studying a
rat model of cortical dysplasia induced by treating pregnant
dams with the drug methylazoxymethanol acetate (MAM).
The brains of the offspring include ectopic cell regions—the
result of aberrant neuronal migration during brain develop-
ment—resembling periventricular nodular heterotopia (PNH)
in humans.5,6 Although PNH in humans most often occurs as
a result of a genetic mutation in the filamin A (FLNA) gene,7

aberrant gray matter nodules appear as a result of various
mutations and developmental abnormalities.8,9

Several studies on patients with PNH have supported the
view that the nodular dysplastic tissue provides an epileptic
trigger.10–13 In both human and animal model studies,
abnormal cell properties that might affect excitability have
been found not only within the nodule, but also in perinodu-
lar tissue.14,15 These findings have led investigators to enter-
tain the idea that epileptogenicity in dysplastic brain is a
result of circuitry reorganization (i.e., new/abnormal con-
nectivity) rather than—or in addition to—epileptogenic
properties of cells within the region of dysplasia.16–20

In our previous work with the MAM model,21–23 we
attempted to characterize the relative excitability of the nod-
ular tissue relative to the surrounding brain. Those studies
failed to show that the nodule was more sensitive, or that
epileptic discharges in the nodule led epileptic activities in
the surrounding neocortex or underlying hippocampus.
However, our technical approaches limited our conclusions
because of the following: (1) in acute brain slices which
included nodular tissue, key pathways for seizure initiation
and spread may have been disrupted; and (2) in intact ani-
mals, stereotaxically guided electrode placement restricted
our recordings to a very limited population of cells.

To overcome these technical difficulties, we have turned to
organotypic slice cultures24,25 generated from MAM-exposed
rat pups, and used c-fos immunochemistry as a surrogate
marker for neuronal excitation.26–29 To help interpret these
in vitro analyses, we have coupled these culture studies with
parallel investigations in the intact animal, using c-fos to
evaluate cellular excitability in MAM-exposed rats injected
with kainic acid to induce epileptic activity. The organotypic
slice culture studies presented herein provide no evidence that
the periventricular nodular heterotopia (PNH) is more
excitable than the surrounding tissue.

Methods
Preparation of organotypic hippocampal slice cultures
(OHSCs)

Pregnant Sprague–Dawley rats were injected intraperito-
neally with either 25 mg/kg MAM or sodium chloride

(NaCl) at embryonic day 15 (E15). Hippocampal slice
cultures were prepared as described previously24 and adapted
in our laboratory25 to include the cortex (see Data S1). Slice
cultures were maintained in a humidified incubator at 37°C
(5% CO2) for up to 12 days in vitro. At 9–11 days in vitro
(DIV), OHSCs were exposed for 60 min to either artificial
cerebrospinal fluid (ACSF with 6 mM potassium) or 40 lM
(bicuculline methiodide [BMI]; #14343; Sigma-Aldrich, St.
Louis, MO, U.S.A., in ACSF with 6 mM potassium). After
1 h, OHSCs were prepared for immunocytochemistry. Cul-
ture experiments were repeated at least twice and always
involved a set of OHSCs from more than one rat pup (see
Results for numbers); in each set of BMI treatments, a set of
“control” cultures was exposed to ACSF.

MAM treatment results in typical histopathologic
features, including disruption of neocortical lamination and
development of PNH adjacent to CA3 (Fig. 1A,B). Slices
from MAM pups were chosen for further analyses/experi-
ments if a PNH could be visualized under a dissection
microscope. The presence of the nodule was confirmed by
immunocytochemistry with neuron-specific nuclear protein
(NeuN) antibody. Slices from control pups (dam injected
with NaCl at the same gestational age) were chosen if the
shape of the hippocampus was similar to the shape of the
hippocampus in the previously chosenMAM cultures.

Lesions of the PNH
In a subset of experiments, cultures from MAM-exposed

pups were given lesions to remove the nodule; discrete
lesions were made using vacuum suction through a glass
pipette. In NaCl cultures, a similar-sized lesion was made
superior-lateral to the hippocampus, mimicking the location
and trauma of the PNH in MAM tissue. Lesions were made
at DIV8; 2 days later (at DIV10), OHSCs were exposed for
60 min to either high-potassium ACSF (with 6 mM potas-
sium) or 40 lM BMI in ACSF with 6 mM potassium). Fol-
lowing these treatments, OHSCs were prepared for
immunocytochemistry.

Immunocytochemistry
Slice cultures were processed for immunocytochemistry

using a modification of the avidin-biotin complex (ABC)
peroxidase technique30 as previously used in this labora-
tory25 (see Data S1. Methods).

In vivo kainic acid experiments
Pups were generated as described earlier, and allowed to

mature to 12 weeks of age. Animals were injected with
either 12 mg/kg kainic acid (#K0250; Sigma-Aldrich) in
NaCl or an equal volume per weight of NaCl vehicle. For
the NaCl group, we waited 30 min after injection before
starting anesthesia (4% isoflurane followed by deep anes-
thesia with 100 mg/kg pentobarbital) and perfusion (4%
paraformaldehyde in 0.1 M phosphate buffer (PB) for
15 min) for brain fixation; animals injected with kainic acid
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were perfused either 10 or 60 min after they first displayed
unilateral forelimb clonus. Following perfusions, the brains
were immediately extracted and postfixed in the same cold
fixative for 2 h. They were then rinsed twice in 0.1 M PB for
5 min each. Brains were transferred to 10% sucrose in
0.1 M PB for 1 h at 4°C and then transferred to 30% sucrose
solution in 0.1 M PB at 4°C for 48 h. The brains were then
submerged in dry ice to flash freeze. Intact brains were
stored at �80°C until processed for immunocytochemistry.
Transverse serial sections were cut at 40 lm on a sliding
microtome and placed in a 10% sucrose solution. Sets of
sections containing the PNH, CA1, and neocortex (CTX)
(MAM tissue) or CA1 and CTX only (control tissue) were
selected for further processing. Sections were then pro-
cessed for immunocytochemistry as described earlier for
the OHSCs.

As was the case for our analysis of organotypic hippo-
campal slice cultures, statistical analysis of intact kainate-
treated animals was based on counts of c-fos–labeled neu-
rons and neuronal activity level (number of pixels activated
within labeled cells divided by the number of labeled neu-
rons). The following experimental variables were included
in the analysis: (1) animal type (non-MAM vs. MAM); (2)
treatment (KA-treated, sacrificed at 10 min after seizure

onset; KA-treated, sacrificed at 60 min after seizure onset);
and (3) region of interest (CA1, CTX, and PNH). We also
compared animals receiving NaCl injections to those
receiving KA injections, but did not quantify the differ-
ences, since c-fos labeling was very low in NaCl-injected
animals; KA caused clear neuronal activation in both the 10
and 60 min postseizure animals.

Quantitative assessments
For each slice culture, photomicrographs of representa-

tive regions of the neocortex (CTX) and hippocampus
(CA1) and nodule (PNH) were taken at 409 (Fig. 2).
Micrographs were taken when crisply stained nuclei
appeared (indicating NeuN or c-fos immunoreactivity in the
nucleus) during focusing from the top of the culture. The
CTX region consisted of cortical layers I–III overlying the
lateral tip of the dentate granule cell layer, and the hippo-
campal region consisted of the middle portion of pyramidal
cell layer in region CA1 (see boxed areas in Fig. 1A,B). The
images were evaluated using ImageMeterPro software
(www.flashscript.biz). A red-green-blue (RGB) channel
threshold was set for each immunocytochemical treatment
group, based on the faintest neuron found within the group
(Fig. S1). Each neuron within an image was manually

A B

C D

Figure 1.

(A, B) Periventricular nodular heterotopia (PNH) in the organotypic hippocampal slice cultures (OHSCs) generated from immature rats

exposed to (MAM) in utero. (A, B) Photomicrographs of NeuN-labeled OHSCs at 9 DIV prepared from P8 rat pups (A—NaCl control;

B—MAM exposed at E15). MAM exposure results in characteristic histopathologic features including disruption of neocortical lamination

and development of PNH adjacent to the CA3 region of hippocampus. Boxed areas indicate regions used for quantitative cell counts.

CTX, neocortex; LII/III, cortical layers 2/3; CA1 and CA3, hippocampal regions CA1 and CA3; DG, dentate gyrus; H, hippocampus; PNH,

periventricular nodular heterotopia. (C, D) NeuN-stained OHSCs, showing the placement of the PNH lesion (L) in a culture from a

MAM-exposed rat pup (D) and the “control” lesion in a culture (fromNaCl-exposed pup) with no PNH (C).
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highlighted and ImageMeterPro determined howmany pixels
within the highlighted box were above the preset threshold,
and therefore considered “activated.” For each image of c-
fos–stained cultures, we quantified the number of activated
neurons (i.e., neurons expressing c-fos) and the number of
pixels within each activated neuron above the RGB thresh-
old. Baseline neuronal cell density was calculated based on
counts of NeuN-stained sister sections. The evaluation and
quantitative analysis of OHSCs were performed by one
investigator on coded cultures (so that the investigator was
blinded to treatment). In c-fos–immunoreacted OHSCs, a c-
fos–positive neuron was defined as a cell with a large cell
body with smooth, round edges of the nucleus (thus exclud-
ing astrocytes—which did not stain for NeuN or c-fos);
small triangular-shaped cells showing 303-diaminobenzi-
dine (DAB)-positive reaction were excluded from the analy-
ses as presumably c-fos-immunoreactive microglia (these
cells did not show immunoreactivity for NeuN). Degenerat-
ing neurons were recognized/excluded by their characteris-
tic histopathology. The total number of c-fos–positive
neurons per culture was separately counted in the CTX,
CA1, and PNH (for MAM cultures).

For each experimental animal in the kainic acid experi-
ments, photomicrographs of the representative regions were
taken at 409 magnification (as done for the hippocampal
slice cultures—see above), from sections immunoreacted
against c-fos and/or NeuN, which displayed the cortical
region, CA1 subfield, and PNH (MAM tissue) or CA1 and
CTX region (control tissue) at the same section level. To
ensure comparable conditions for the immunostaining of
the different experimental animal groups, sections from all
the different groups were parallel-processed for immunocy-
tochemistry. For the quantitative evaluation, four photomi-
crographs representing comparable qualities of the staining
patterns were taken from each region and experimental con-
dition, and immunopositive neurons were counted and ana-
lyzed using the same ImageMeterPro software
(www.flashscript.biz) as used for the slice-culture tissue. c-
fos immunoreacted sections were used to determine the
number of activated neurons and the degree of activation
(pixels per neuron). NeuN–immunostained sections were
used for neuronal cell counts; cresyl violet–stained sections
were used for comparison and to determine the general
pathology of the brains.

Statistical analysis
In our statistical analysis, we compared the number of c-

fos-positive cells and c-fos levels (pixels per cell) across
brain regions (PNH, neocortex [CTX], hippocampal CA1
region [CA1]), treatment condition (bicuculline or ACSF
applications in culture; kainate or saline in intact animals),
and culture type (non-MAM and MAM) or lesion status
(lesioned or intact). To compare number of c-fos–positive
cells and c-fos levels (pixels per cell), we used a linear
mixed-effects model with a random intercept to model ani-

mal-to-animal variability. This analysis method is similar to
the repeated measures analysis of variance (ANOVA) com-
monly employed to account for correlation of repeated mea-
surements within an animal (indeed, the repeated-measures
ANOVA is a special case of a linear mixed model, but more
flexible and powerful). For the study on slice-culture activa-
tion (Table S1), depending on the comparison, the factors in
the statistical analysis included the following: treatment
(bicuculline [BMI] or ACSF application), region (PNH,
CTX, and CA1), treatment by region; or culture type
(MAM, non-MAM), and culture type by region interaction.
For the study on PNH lesioning (Table S2), the linear mixed
model included the following as experimental factors: types
across cultures (non-MAM intact, non-MAM lesioned,
MAM intact, MAM lesioned), region (CA1 and CTX), and
their interactions. For the in vivo kainate study (Table S3),
the experimental factors included treatment (kainate,
10 min survival; kainate, 60 min survival), region (CA1,
CTX, and PNH), and animal type (MAM or non-MAM).
We summarize the results of these analyses by presenting
estimates, standard errors, and p-values. The quantity “esti-
mate” represents the model-based estimate of the difference
between two comparison groups. For example, in Table
S2B, the estimate “�1131.13” represents the estimate of the
difference in means of the outcome (here average pixels
activated per cell) between the ACSF and BMI groups
(ACSF minus BMI). Because of the large number of com-
parisons in these studies, we used the false discovery rate
(FDR) adjustment to account for multiple comparisons.
FDR is an alternative error control procedure for dealing
with large numbers of group comparisons.31 Significant p-
values after FDR adjustment are indicated by asterisks
through the tables of results. All analysis was conducted in
SAS version 9.3 (SAS Institute, Inc., Cary, NC, U.S.A.).

Results
Slice cultures with PNH

Neuronal density in the brain regions of interest was eval-
uated by quantifying the number of NeuN-positive neurons;
in most cases, data from two counting frames per region
were averaged to obtain a value for a given culture. In four
BMI-treated MAM cultures, there were no significant dif-
ferences in neuronal density across the PNH, neocortex, and
hippocampal CA1 (two tailed t-test, two-samples with
unequal variance). Similarly, in four non-MAM BMI-trea-
ted cultures, there was no significant difference in neuronal
density between the CTX and CA1. For CTX and CA1,
there were no statistically significant differences in neuro-
nal density between non-MAM andMAM cultures.

Slice culture activation
We used neuronal c-fos labeling as our marker of neuro-

nal activation, and quantified the number of c-fos–labeled
neurons within each counting frame, as well as the number
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of pixels per labeled neuron. Observations were made on
cultures derived from 10 MAM-exposed rat pups. The
experimental variables considered in our analysis were
treatment (ACSF and BMI) and region of interest (CA1,
CTX, and PNH). A summary of these data is provided in
Figure 3A,B (see also Table S1A).

When comparing number of c-fos–positive neurons in
MAM cultures treated with ACSF (three cultures from two

pups) versus BMI (13 cultures from 10 pups), we found the
expected differences: BMI-treated cultures showed dramat-
ically higher numbers of c-fos–labeled neurons (statistically
significant) in CA1 (p = 0.0057) and CTX (p = 0.0008),
but not in the PNH (p = 0.061) (Table S1B). Although the
number of ACSF-treated cultures was small, the number of
c-fos–labeled neurons in these cultures was consistently
very low (close to zero); we therefore invested our efforts in

A B

C

E

G H

F

D

Figure 2.

c-fos labeling in OHSCs from MAM rats. (A, B) Low-power micrographs of the cultures, including PNH, CA1, and CTX. (C–H) Higher

magnification micrographs from each region of interest (CA1—C,D; CTX—E, F; PNH—G,H). Left column provides baseline c-fos lev-

els in cultures treated with ACSF, and right column shows c-fos labeling in cultures exposed to bicuculline.
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assessing the question of whether there were regional differ-
ences in c-fos labeling in cultures exposed to BMI. Within
the BMI-treated MAM cultures, the CTX showed a signifi-
cantly higher number of c-fos–labeled neurons than the
PNH (p = 0.0014) (Table S1C); the CA1 was not signifi-
cantly different from the PNH or CTX. Given that the neu-
ronal density across regions was not different, this
difference in c-fos labeling is not simply a function of regio-
nal differences in cell density.

We used pixels/labeled cell as a reflection of neuronal
activity level (total number of pixels activated within
labeled cells in the region of interest, normalized by the
number of labeled neurons). As expected, with BMI treat-
ment, all regions of MAM cultures showed a highly signifi-
cant increase in neuronal activity compared to ACSF-
treated cultures (CA1, p < 0.001; CTX, p = 0.0021; PNH,

p = 0.05) (Table S1B), with the largest difference seen in
hippocampal CA1; with BMI treatment, CA1 neurons
showed a significantly higher level of activation than CTX
(p = 0.0003) and PNH (p = 0.0009) neurons. Of interest, in
ACSF-treated MAM cultures, the PNH showed a signifi-
cantly higher neuronal activity level than CA1 (p = 0.004)
(not significantly higher than CTX, although trending in that
direction) (Table S1B).

Slice cultures with PNH lesions
To evaluate the potential contribution of the PNH to

activity/excitability in cortical and hippocampal regions of
organotypic cultures, we attempted to lesion (i.e., remove)
the PNH through “surgical intervention” (Figs. 1C,D and
4). In the results reported below, we evaluate number of
c-fos–labeled neurons and activity/labeled cell (activated

A B

C

E F

D

Figure 3.

Histogram summaries of c-fos activation, showing number of neurons activated (see Methods) (left column) and pixels/activated neuron

(right column). Means and standard deviations are provided in Tables S1–S3, as are the comparison measures on which significant differ-

ences (asterisks) were based. (A, B) c-fos activation by bicuculline, in MAM and non-MAM cultures, for CA1, CTX, and PNH. Legend:

red bars, CA1; blue bars, CTX; green bars, PNH; solid bars, MAM cultures; open bars, Non-MAM cultures. (C, D) Comparison of cul-

tures with and without lesion of the PNH (or control lesion in non-MAM cultures). Legend: as in A, B; cross-hatched bars, lesion.

(E, F) c-fos labeling in tissue from rats exposed to kainic acid.We compared labeling at 10 versus 60 min after seizure onset. Legend: as in

A,B; vertical stripes, KA10; horizontal stripes, KA60.
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pixels) in the CA1 and CTX regions of cultures exposed to
BMI. We based our lesion analysis on six MAM cultures
(from four pups) in which the PNH was judged to be “com-
pletely” lesioned (counts from cultures in which we judged
the PNH lesion to be incomplete are not included in this
analysis). To control for the mechanical effects of the le-
sioning process, we also made “control” lesions in cultures
from rats not exposed to MAM (i.e., without the PNH; 12
cultures from five pups); these lesions were placed in
approximately the same position that the PNH would nor-
mally occupy in cultures from MAM-exposed rats. In both
culture types, only two regions (CA1 and CTX) were quan-
tified. In addition, we compared these lesion groups to CA1
and CTX measures from intact MAM cultures (13 cultures
for CA1 counts/14 cultures for CTX counts, from eight
pups) and intact non-MAM cultures (18 cultures from six
pups). The overall descriptive statistics are shown in Fig-
ure 3C,D (see also Table S2A).

CA1 in MAM cultures with the nodule completely
removed had significantly lower numbers of c-fos–labeled
neurons than CA1 in intact (nonlesioned) MAM cultures
(p = 0.0223) (Table S2B). The opposite lesion effect was
seen in CA1 in the comparison between lesioned non-MAM
cultures and intact non-MAM cultures (p = 0.0007). In
CTX, there was no difference in numbers of c-fos–labeled
neurons due to lesioning, for either MAM or non-MAM cul-
tures. Cell activity level (number of pixels/labeled cell) in
CA1 in lesioned non-MAM cultures was significantly
higher than CA1 in intact non-MAM cultures (p = 0.0133);

activity level in CTX of lesioned MAM cultures was signifi-
cantly higher than in CTX from intact MAM cultures
(p = 0.0311) (Table S2B).

In lesioned MAM cultures, the number of c-fos–positive
neurons was significantly lower in CA1 hippocampus than
in CTX (p = 0.0003) (Table S2C). A similar pattern was
also observed in intact non-MAM cultures (p < 0.0001). In
contrast, the number of pixels per labeled neuron was higher
in CA1 than in CTX in both lesioned non-MAM
(p = 0.0315) and intact MAM (p = 0.0037) cultures.

Kainate in intact rats
A summary of the results from our analysis of kainate-

treated rats is shown in Figure 3E,F (see also Table S3A).
We first compared the KA10 group to the KA60 group
(Fig. 5) to determine if neuronal activation was increased
with a longer time postseizure (Table S3B). In non-MAM
animals, both the CTX (p = 0.0144) and CA1 (p = 0.0027)
showed significantly more c-fos–labeled neurons in the
KA60 group (n = 7) than in the KA10 group (n = 3); there
was no difference, however, in the number of pixels acti-
vated per labeled neuron. In MAM animals (n = 4 for
KA10; n = 5 for KA60), only the CTX showed a time-
dependent increase in number of labeled neurons
(p = 0.0298); there was no significant difference in CA1 or
PNH. As in non-MAM animals, all three regions in MAM
animals showed insignificant changes in number of pixels
activated per labeled neuron.

A B

C D

Figure 4.

Illustration of c-fos labeling in intact and lesioned cultures treated with ACSF versus bicuculline. (A, B) Intact (nonlesioned) cultures

(A—ACSF; B— BMI); (C,D) lesioned cultures (C—ACSF;D—BMI). Lesions were made in cultures from MAM-exposed rat pups, with

the PNH as the lesion target.
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We then looked within each group (KA10 and KA60, for
both MAM and non-MAM) and compared activation across
regions (Table S3C). At 10 min, there were no significant
differences in number of c-fos-labeled neurons across brain
regions (CTX, CA1, PNH) in MAM or non-MAM rats. In
MAM rats, at 10 min, the number of pixels per labeled neu-
ron in CTX was significantly lower than in both CA1
(p = 0.0488) and PNH (p = 0.0349). At 60 min in non-
MAM rats, the CA1 showed a significantly higher number
of c-fos–labeled neurons than the CTX (p ≤ 0.0001). There
were no differences in number of pixels per labeled neuron
for any of the comparisons at 60 min.

When we compared non-MAM animals to MAM animals
for each time point and region, we found no statistically sig-
nificant differences between any of the groups, for either
number of c-fos–labeled neurons or number of activated
pixels per labeled neuron (Table S3D).

Discussion
The data from these experiments on organotypic slice

cultures suggest that the presence of a nodule affects the
bicuculline-induced excitability of both the cortex and the
hippocampus, but in somewhat different ways. The cortex
showed a higher number of neurons activated (i.e., c-fos–
labeled) by the bicuculline treatment; in contrast, the CA1
hippocampus showed a greater pixel/labeled neuron level.
Thus, although the PNH itself does not appear to be highly
excitable, the question of whether its presence alters the

excitability of the surrounding tissue remains unresolved. It
is for that reason that we initiated the lesion studies—to see
if removal of the PNH would “normalize” the excitation of
surrounding CA1 and/or CTX. Surprisingly, when we
lesioned the PNH in these cultures from MAM-treated rats
(an intervention that we predicted would reduce excitabil-
ity), the pixel/labeled neuron level rose in cortex (but not in
CA1); however, the number of activated (i.e., c-fos–labeled)
neurons was lower in CA1 (an intuitively less surprising
result), but not in cortex. It is worth noting that the opposite
effect—an increase in c-fos–labeled neurons—was seen in
CA1 of lesioned non-MAM tissue (compared to intact non-
MAM cultures), suggesting that the effect observed in
MAM tissue was not simply a result of lesion-induced
injury. Similarly, we saw an increase in CA1 cell excitabil-
ity (pixels/labeled neuron) in lesioned non-MAM cultures
compared to intact non-MAM cultures. Given the low sam-
ple numbers in these experiments, the high variability, and
the numerous but inconsistent differences across groups
(including changes in non-MAM tissue subject to lesion
manipulations), the lesion approach to date does not resolve
this question about the excitability effects of PNH presence.

In the intact rat kainic acid experiments, there was no
consistent difference in excitability, at least based on the
number of c-fos–labeled cells, between MAM and normal
(non-MAM) rats. This result in the KA model is generally
consistent with our previous electrophysiologic findings
showing that the onset of epileptogenicity was not different
between MAM and normal rats when animals were injected

A B

C D

Figure 5.

Sections (NeuN labeling on left, c-fos labeling on right) from MAM-exposed rats treated with kainic acid and sacrificed at 10 min

(KA10— A, B) and 60 min (KA60—C, D) after onset of seizure activity. Regions of analysis are the same as used for the analysis of

OHSCs

(see Fig. 1).
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with bicuculline.23 The observation that numbers of activated
neurons rose between 10 and 60 min in non-MAM (i.e., nor-
mal) rats indicates that cell activation at 10 minwas submaxi-
mal (i.e., there was no “ceiling” effect). Of interest, in the
MAM rats, optimal activation (as seen with c-fos) was
already evident at 10 min; that is, there appeared to be no
additional cells to activate at 60 min.

As indicated previously, there remains considerable
uncertainty about whether dysplastic tissue is epileptogenic
and can be considered the generator of epileptic activity in
brains with focal dysplasia; that question is certainly unre-
solved. Clinical studies that involve surgical removal or
radiation inactivation of suspected epileptogenic nodules
have reported varied result,32–36 perhaps reflecting the sig-
nificant variability of these dysplastic disorders.

Given these clinical investigations and the results from
both in vitro and in vivo animal model experiments, what
more can we say now about nodular epileptogenicity? In
general, our initial analysis of c-fos labeling in organotypic
cultures appeared consistent with our previous electrophysi-
ologic data from acute slices22 and intact animals,23 inas-
much as there was no indication that the nodule was more
excitable than the surrounding tissue. That is, in no case was
bicuculline- or kainate-induced activity in the PNH—as
measured either with electrophysiologic methods or with c-
fos staining—higher than in cortex or hippocampus
(although in ACSF-treated cultures, PNH cellular excitabil-
ity—reflected in c-fos labeling—appears higher than that in
CA1 or CTX). In all cases, PNH activity rose, as expected,
in response to the epileptogenic challenge.

What, then, is the advantage of the in vitro culture
approach that we have introduced here? For both acute
slices and intact animal experiments, a major interpreta-
tional problem has been the question of whether our
recordings were appropriately “online.” In acute slices,
this issue arose with respect to the orientation of the slice
and the possibility that key pathways were cut in the
slicing process. In the intact animal, the problem was
simply one of electrode placement, and the likelihood
that our electrodes missed the relevant highly excitable
regions of the PNH. These problems are eliminated in
culture, since all the connectivity is intact (although
admittedly not necessarily normal) and our “recording”
method (c-fos labeling) sees the entire culture. Thus, we
have reduced the possible spatial error, but in exchange,
we have sacrificed the timing advantage inherent in an
electrophysiologic approach. Another potential problem,
of course, is the accuracy with which c-fos immunocyto-
chemistry reflects cellular excitability. This question has
been discussed at length in previous publications.27,28 In
particular, in assessing the excitability of dysplastic tis-
sue, Chevassus-au-Louis et al.29 previously used c-fos
labeling to examine the activation of MAM-related het-
erotopic cell populations in rats treated with pentylenetet-
razol. It is important to point out, however, that c-fos

labeling—both in our experiments and in previous stud-
ies—shows only neuronal activation (i.e., excitability),
and does not provide a measure of epileptiform activity
or epileptogenicity.

We would conclude from our data that the PNH itself is
not highly excitable, and thus is not likely to initiate
epileptiform activity in this rat model of cortical dysplasia.
Our lesion data are preliminary and must be interpreted
with care, but are generally consistent with the view that
removal of the PNH does not, in itself, reduce the excitabil-
ity of the tissue. It is important to note, in that context, that
even (or perhaps especially) in the organotypic culture
model, tissue reorganization due to presence of the nodule
has already occurred, and that removal of the nodule does
not normalize this reorganization. Thus, as in the human
epileptic condition associated with aberrant nodules, it
may be “too late” to cure the seizure-sensitivity simply by
removing the nodule. Other investigators have shown that
“peridysplastic” tissue (that looks relatively normal) may
indeed have epileptogenic properties.37 And it certainly is
the case that even when there is an apparently circum-
scribed lesion (as in PNH), the surrounding tissue is not
entirely “normal,” suffering from the same types of devel-
opmental irregularities that lead to the obvious dysplasia.
Our decision to focus our lesion manipulations only on the
circumscribed PNH (and not carry out lesions on, for
example, intrahippocampal heterotopia22,29 or potentially
epileptogenic CA3 hippocampus), arose from the original
rationale of these experiments: to assess the likelihood that
a common surgical target (the PNH) is epileptogenic. The
relative excitability of nodule/tuber and surround may well
be model- and condition-specific; in other models of dys-
plastic lesions, and in various clinical presentations, the
nodule (or other circumscribed aberrant tissue) may indeed
offer a curative target.38 Some recent publications suggest
that dysplastic tissue (including cortical nodules) can itself
be epileptogenic, and that removal is a useful treatment
option.32,33,36 In contrast, the recent work by Petit et al.,39

on a “double cortex” model, is consistent with our result,
showing that the “abnormal” tissue is not necessarily the
site of seizure onset. Our study suggests that the aberrant
nodule is not always an appropriate surgical target, and that
evaluation of the treatment approach must be made on the
basis of the specific abnormality.
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