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Focal epileptogenesisin arat model of polymicrogyria. J. Neuro-
physiol. 81: 159—-173, 1999. Polymicrogyria, a developmental cor-
tical malformation associated with epilepsy, can be modeled in rats
with atranscortical freeze lesion on the day of birth (PO) or P1. We
have used field potential recordings to characterize the incidence,
propagation patterns, and distribution of epileptiform activity in
dlices from rats with experimental microgyri. Interictal-like epilep-
tiform activity was evoked in slices from 85% of freeze-lesioned
rats aged P12—P118. These data show age-specific properties of
epileptogenesis, including: a delay in onset, a decrease in the inci-
dence of epileptiform activity in rats >P40 that was specific to
those lesioned on PO as opposed to P1, and a shift in the likely
site of initiation to areas further from the microgyrus in mature
animals. Several observations suggest that the area adjacent to the
microgyrus, which appears histologically normal in Nissl stains,
contains the necessary epileptogenic neurona circuits: 1) in 78%
of dices, epileptiform activity could be evoked only from a focal
zone adjacent to the microgyrus (paramicrogyral zone) and not
within the microgyrus proper; 2) epileptiform activity consistently
originated from a particular site within this paramicrogyra zone,
independent of the location of the stimulating electrode, suggesting
that the generator is outside of the microgyrus; 3) evoked epilepti-
form activities in the paramicrogyral cortex were unaltered after
separation of this zone from the microgyrus with a transcortical
cut; and 4) the short-latency graded field potential evoked in the
paramicrogyral zone contained an additional negativity not seen in
control slices. The epileptiform activity was blocked reversibly by
N-methyl-p-aspartate receptor antagonists in slices from mature as
well as immature freeze-lesioned rats. These results suggest that
aberrant synaptic connectivity develops in rat cortex surrounding
the microgyrus and produces a focal epileptogenic zone whose
capacity to generate epileptiform activities does not depend on
connections with the malformation itself. We hypothesize that of -
ferents, originating from cortical and extracortical sites, lose their
targets in the region of the malformation and make appropriate
laminar contacts in the cortex adjacent to the malformation, creat-
ing an overabundance of excitatory input to this cortical zone.
Increased excitatory feedback onto specific cortical elements may
be one factor involved in epileptogenesisin thismodel of acortical
malformation.

INTRODUCTION

Developmental malformations of the brain make up 13—
24% of cases of epilepsy in which an etiology can be identi-
fied (Annegers 1994). Recognition of the association be-
tween such lesions and epilepsy, particularly seizures resis-
tant to antiepileptic drug (AED) therapy, hasincreased in the
last 10—15 years, coincident with improvement in magnetic
resonance imaging (MRI) techniques. The incidence of mi-
crodysgenesis, a general term for developmental aberrations
in cortical laminar or gyral pattern, has been reported to be
as high as 43% in patients who have undergone surgery for
intractable seizures (Brannstrom et al. 1996).

Epilepsy associated with cortical malformations is often
difficult to treat because currently available AEDs are often
ineffective, and in =50% of surgically treated patients sei-
zures cannot be eliminated or significantly reduced (Olivier
et al. 1996; Palmini et a. 1994). An understanding of the
mechanisms of aberrant development and subsequent epilep-
togenesisis clearly necessary for the evolution of more suc-
cessful treatment of these epilepsy patients. In addition, cor-
tical malformations also are associated with developmental
delay (Gonatas and Moss 1975; Kuzniecky et al. 1994; Wis-
niewski 1990), dyslexia (Galaburda 1991; Humphreys et al.
1990), menta retardation (Brodtkorb 1994; Striano et al.
1996), cerebral palsy (Truwit et al. 1992), and schizophre-
nia (Weinberger and Lipska 1995).

An anima model of one type of cortical malformation,
that of polymicrogyria, has contributed to the current under-
standing of the causes of microgyral formation (Larroche
1984). Dvorak and Feit (1977, 1978) have shown that a
transcortical freeze-lesion, which kills most of the neurons
present at the time of the lesion (those in cortical layers 1V,
V, and Vlaon the day of birthinrat), mimicsall histological
aspects of human four-layered polymicrogyria. Both clinica
and experimentally induced microgyri contain four layers
instead of six, with the absence of layers V, Vla, and some-
times part or al of layer IV ( Dvorak et al. 1978; Jacobs et al.
1996a; Levine et a. 1974; Williams et a. 1976). Although
previously thought to be a migratory defect (see Larroche
1977; Robinson 1977), polymicrogyria now is believed to
be due to cell death as a result of a focal hypoxia because
some gliosis is evident, laminar abnormalities are primarily
those of loss rather than misplacement of neurons (Richman
et a. 1974; Williams et a. 1976), and there is a correlation
between the presence of layered polymicrogyriaand hypoxic
events occurring during the late stages of cortical migration
(Barkovich et a. 1995; Cohen and Roessmann 1994;
McBride and Kemper 1982). Thus the rat model duplicates
not only the histopathology but also the likely initiating
mechanisms in that focal cell loss results in abnormal lami-
nation.

Polymicrogyria is associated with epileptiform activity in
up to 80% of cases (Barkovich and Kjos 1992); however,
until recently it was not known whether the freeze lesion
model of microgyria developed similar physiological abnor-
malities. We recently reported that neocortical field poten-
tials evoked in vitro from brain dices of freeze-lesioned
rats contain additional late multiphasic events (Jacobs et al.
1996a; see also Luhmann and Raabe 1996). These late
events have been characterized as epileptiform and are most
similar to interictal types of electroencephal ographic (EEG)
activity. This model is clearly appropriate for the study of
mechanisms contributing to epileptiform activity in brains
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with polymicrogyria and experiments focused on potentia
treatments for this form of epilepsy.

Localizing the site of initiation of epileptiform activity is
essential for applying surgical treatments as well as identi-
fying neuronal and receptor subtypesto target for drug devel-
opment. Dysplastic lesions associated with epilepsy differ
from tumors and vascular abnormalities in that epileptiform
activity can occur within the lesion area itself, as identified
with magnetic resonance imaging (MRI) or other imaging
techniques (Palmini et al. 1995, 1996) However, currently
there is not complete agreement as to whether the epilepti-
form activity typically originates within the dysgenic region
and how to select the region for resection. It is unclear
whether the malformation viewed on MRI is the primary
areathat should be surgically removed (Palmini et al. 1994),
even when no abnormal physiological activity is associated
with it (Olivier et al. 1996), or whether EEG can more
clearly identify the extent of the area that should be resected
(Munari et a. 1996). An understanding of the mechanisms
initiating the epileptiform activity will help to formulate
strategies for seizure treatment.

In the experiments reported here, we examined the inci-
dence of epileptiform activity in rats with an experimentally
induced microgyrus, the site of initiation of evoked interictal
discharges, the role of the microgyrus per se versus the
adjacent cortex in epileptogenesis, and the involvement of
N-methyl-p-aspartate (NMDA) receptors in generating the
epileptiform activity.

METHODS

Freeze lesions were made in abino Sprague Dawley rat pups
on PO or P1, as previously described (Jacobs et al. 1996a). Pups
were anesthetized with hypothermia by immersing them in ice until
there were no longer responses to noxious stimuli such as tail
pinch. The skull then was exposed, and a freezing probe (about
—50°C) placed on the skull for 3—7 s. Probetip was either circular,
2-3 mm in diameter; or rectangular, 1 X 5 mm. The scalp then
was sutured, and the pup warmed and returned to the dam.

Standard techniques for preparing and maintaining neocortical
dlices were used (Jacobs et a. 1996a). Rats aged P9—P118 were
anesthetized with pentobarbital (55 mg/kg) and decapitated; ani-
mals >P29 were anesthetized with pentobarbital (55 mg/kg),
cooled by immersion in an ice water bath, and then decapitated.
Brains were removed and placed in acold modified Ringer solution
containing (in mM) 25 KCI, 10 MgSO,, 3.4 CaCl,, 1.25
NaH,PO,, 234 sucrose, 11 glucose, and 26 NaHCOs;, saturated
with 95% O,-5% CO,, pH 7.4. Coronal slices, 400-um thick, were
cut on a vibratome in the modified Ringer solution and incubated
at 32°C in normal gassed Ringer solution (ACSF) containing (in
mM) 126 NaCl, 3.0 KCI, 2.0 MgCl,, 2.0 CaCl,, 1.25 NaH,PO,,
10 glucose, and 26 NaHCO;. Recordings were made in a modified
interface chamber in which slices were maintained at 34°C and
suprafused with alayer of normal Ringer solution gassed with 95%
0,-5% CO, (pH 7.4). The NMDA antagonists, b,. —2-amino-5-
phosphonovaleric acid (AP5, Sigma), and (=*)-2-amino-5-phos-
phonopentanoic acid (AP5, Research Biochemicals International )
were bath-applied at concentrations of 50 or 100 M in normal
Ringer solution in some experiments.

The microsulcus was visualized readily at the pia surface in
two or three dlices from animals lesioned with the circul ar-tipped
freezing-probes and in up to eight slices from lesions produced by
the rectangular probe. Distances over the surface of the slice were
measured using a calibrated reticule in the dissecting microscope.

In 228 slices from 90 freeze-lesioned rats and 16 dices from 5
control rats, field potential recordings (DC-5 kHz, low-passfiltered
a 1 kHz) were obtained either using glass micropipettes (2—8
MQ) filled with 1 M NaCl or multielectrode arrays made of 14—
16 stainless steel wires aligned in a single row and spaced 107
wpm apart (NeuroScientific Laboratories). Data were either stored
on magnetic tape and later digitized or digitized on-line (2—5 kHz)
using software from Axon Instruments. Electrical stimuli were de-
livered through concentric bipolar electrodes (FHC). Typically,
single 20-us square current pulses were applied at increasing cur-
rent intensities (5-100 pA) until a short-latency negative field
potential with an amplitude of 50 nV was observed. This was
considered the threshold level of stimulation. A series of stimuli
of increasing duration (threshold current for 20, 40, 80, 160, and
320 us) then was applied (1, 2, 4, 8, and 16 times threshold) at
0.1 Hz. The lowest current intensity required to evoke epileptiform
activity (the ‘‘epi-threshold’’) was sometimes different from the
threshold current required to evoke a50-4V short-latency response.
The epi-threshold was determined by applying 20-us square current
pulses at increasing current intensities (5—100 pA) until epilepti-
form activity was observed. The epi-threshold was measured at
various distances from the microsulcus to find the most sensitive
epileptogenic region within aparticular sice (Fig. 4D) . The stimu-
lus threshold for the short-latency event was used for al other
comparisons between slices. During pharmacological manipula-
tions, stimuli were delivered at 0.033 Hz.

In 13 dlices, the microgyrus was visualized with a dissecting
microscope and separated from the adjacent cortex on one side by
making a single cut with a hand-held piece of razor blade. The
cut was made 0.4—0.7 mm from the microsulcus, between the
microgyrus proper and the recording site in layer 111 from which
epileptiform activity had been evoked before the cut, 0.6—1.5 mm
from the microsulcus. Stimuli were delivered directly beneath the
recording electrode, within layer V1. The incidence of epileptiform
activity was assessed in some slices by applying groups of 10
stimuli at twice threshold before and after the microdissection.

After the electrophysiological recording, slices were immedi-
ately fixed in 4% paraformaldehyde in 0.1 M phosphate buffer,
pH 7.4, cryoprotected by immersion in 30% sucrose in phosphate-
buffered saline until they sank (~15-30 min) and then resectioned
on a freezing microtome at 50 um. Sections were Nissl-stained so
that the histology of the lesion could be related to the electrophysio-
logical results.

Calculations

The incidence of epileptiform activity was measured in one to
five slices from each rat (Fig. 1). The number of slices examined
varied because of the time required for different subsequent experi-
mental procedures and, in some cases, because a limited number
of dlices contained a microgyrus. The average number of dices
per rat however was similar for different age groups (3.0, 2.4, and
2.9 dlices per rat for age groups P9—P10, P12—P40, and > P40,
respectively, not significantly different, by t-tests). Only slicesin
which stimuli evoked graded, short-latency field potentials of =0.6
mV in amplitude were used. In these slices, at least four sites on
either side of the microgyrus were tested at a number of stimulus
intensities.

To determine the laminar site of origin of epileptiform activity,
latency to onset and peak amplitude were measured using an array
of =16 electrodes spaced at 107-um intervals. Epileptiform activity
onset was identified in single stimulus presentations as the first
point after the evoked, graded, short-latency field potential that
was 1 SD below (more negative than) the mean voltage of the
baseline period. Only dlices in which there was a clear time differ-
ence between the end of the graded short-latency field potential
and the onset of epileptiform activity were used for these calcula-
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FIG. 1. Incidence of epileptiform activity in rats receiving a transcranial
freeze lesion on either PO (day of birth) or P1. Survival age: age of the rat
at the time of in vitro field potential recordings. No epileptiform activity
was evoked in slices from P9 to P10 rats. For rats >P40, significantly less
epileptiform activity was evoked in PO and All lesions groups, relative to
rats P12—P40. Significantly less epileptiform activity also was evoked for
PO lesionsrelative to P1 lesions, in rats >P40. *, z tests, P < 0.05. Number
of rats in each group indicated above bars.

tions (8 of 10 dices examined). The minimum latency within
layersll/111, V, and VI was measured for each slice, and the values
averaged to obtain mean minimum latencies for each layer. The
peak amplitude of epileptiform activity was determined at each
recording site from the largest negative deflection following the
graded short-latency field potential. The peak values for layers |1/
111, V, and VI were calculated for each dlice and then the values
averaged to obtain the mean peak epileptiform activity for each
layer. Nissl-stained sections from each slice were used to identify
the laminar location of each electrode. The laminar profile for
amplitude of epileptiform activity did not vary from one stimulus
presentation to the next, therefore al final calculations were made
from a single sweep for each dice.

The time course of the AP5 effect was measured for each dlice,
by calculating the integrated area of the epileptiform activity (mi-
crovolts X milliseconds) occurring after the short-latency response
and then normalizing to the average area of epileptiform activity
recorded before AP5 application. Before AP5 application, epilepti-
form activity occurred on every stimulus presentation (0.033 Hz)
for all dices. The integrated area of each response, before, during,
and after AP5 perfusion slices was averaged across seven slices
(Fig. 10).

RESULTS
Incidence

We have previously shown that late multiphasic discharge,
characterized as interictal-like epileptiform activity, can be
evoked in dices from freeze-lesioned rats (FL dlices) (Ja
cobs et al. 1996a). Overal, 77.8% of 90 rats, aged P9—
P171, had evoked epileptiform activity in at least one dlice.
Spontaneous epileptiform events were observed occasion-
aly; however, the incidence of such activity was not exam-
ined systematically. The incidence of evoked epileptiform
activity varied according to the rat’s age at recording time.
Although the microgyrus is developed fully by P10, as as-
sessed histologically (Dvorak and Feit 1977), we never ob-
served epileptiform activity in slices from rats aged P9 or

P10 (Figs. 1 and 2A). In these dlices, typical graded, short-
latency field potentials were evoked by a series of incre-
menting stimuli (Fig. 2A, 1-3). The amplitude of these
field potentials was similar to that of field potentials evoked
in older rats (Fig. 2). The incidence of epileptiform activity
was 82.3% in rats aged P12—P171 and 94% in rats aged
P12—P40. There was significantly less epileptiform activity
in rats >P40 (35%, Fig. 1, z test, P < 0.05) compared
with rats P12—P40. This was primarily due to a significantly
lower incidence of epileptogenesis for rats lesioned on PO
versus P1. The incidence of epileptiform activity in rats
studied at >P40 was 10 and 71% for groups lesioned at PO
and P1, respectively (ztest, P < 0.05).

There was not a clear correlation between the incidence
of epileptiform activity within aparticular slice and the histo-
logical characteristics of the microgyrus, observed from
Nissl-stained sections (however, cytoarchitecture of the mi-
crogyrus may contribute to whether epileptiform activity is
observed within the microgyrus itself, see following text and
Fig. 6). Slices that clearly contained the typical form of a
microgyrus did not always generate epileptiform activity
(Fig. 3, Aand D), whereas some dices in which the micro-
gyrus was less distinct were epileptogenic (Fig. 3B). The
aberrant lamination typical for the microgyrus was present
in PO—P10 rats as well as those older than P40 that were
lesioned on PO (Fig. 3, Aand D) ; however, these two groups
were ones that had a significantly lower incidence rate, de-
spite their histological similarity to slices from rats aged
P12—P40 (compare Fig. 3, A and D with C). In addition to
aberrant lamination, the neocortex of freeze-lesioned rats
occasionally contains ectopic nests of cellsin layer | adjacent
to or within the microgyrus (Jacobs et al. 1996a). In 48
slices from which field potential recordings were made, we
examined the Nissl-stained sections for the presence of ec-
topic nestsin layer |. Fourteen of 48 dlices contained ectopia,
and in 7 of the 14 epileptiform activity could be evoked
adjacent to the microgyrus, whereas no abnormal field poten-
tials were recorded in the other 7 dlices.

Characteristics of the epileptiform activity evoked at dif-
ferent ages were quite similar. As previously reported (Ja-
cobs et a. 1996a), the abnormal discharges varied in form,
latency, and duration and typicaly were evoked only by
threshold and just above threshold stimuli. In rats aged P20—
P22, however, epileptiform activity often could be evoked
by higher stimulus intensities (example shown in Fig. 2C).
In 69% of dlicesfrom rats aged P20—P22, epileptiform activ-
ity was evoked by stimuli that were 16 times threshold
(n = 15); such stimuli were effective in only 31% of slices
from P12 to P14 rats (n = 16) and 7% of dlices from rats
aged P30—P35 (n = 15).

Region of epileptogenesis

The region from which epileptiform activity could be
evoked was mapped by moving a pair of electrodes together
to sites at various distances from the microsulcus. The pair
consisted of a single recording electrode within layer 111,
situated directly above (on-column with) a single stimulat-
ing electrode within layer V1. Previous results had suggested
that the epileptogenic zone was focal and located within a
few millimeters of the microgyrus but not within the micro-
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gyrus itself (Jacobs et a. 1996a). In the larger sample, ob-
tained from the current experiments, epileptiform activity
was evoked focally in 82% (n = 45) of dices mapped in
this way (see, for example, Fig. 4, A and B). In most of
these dlices, epileptiform activity could be evoked at sites
0.5-1.4 mm (Fig. 4C) but not at sites =2.5 mm from the
microsulcus. In 8 of 45 dlices, epileptiform activity was
evoked at all sites tested outside of the microgyrus, =4 mm
from the microsulcus (‘‘nonfocal’’ dices). Seven of the
eight nonfocal dices were from rats aged P20—P21, and one
was from a rat aged P14. This suggested that the cortical
area from which epileptiform activity could be evoked might
vary with age. To test this, we examined the percentage of
slices with epileptiform activity at various distances from
the microsulcus for different age groups. The focal P20—
P21 group was not different from the focal P12—P16 group;
both had the highest incidence of epileptiform activity 0.5—
1.4 mm from the microsulcus (Fig. 4C). Slices from rats
=P27, however, had the highest incidence of epileptiform
activity at more distant sites (1.5—1.9 mm from the microsul -
cus, Fig. 4C). The incidence of epileptiform activity at 1.5—
1.9 mm was significantly different for the older rats relative
to the focal P12—P16 and P20—P21 age groups (z tests, P <
0.05). We measured the extent of the microgyrus itself in
the slicesfrom ol der rats, to test whether typical brain growth
might account for these age-dependent differences in the
epileptogenic zone. M easurements were made from the mi-
crosulcus (identified at the pia) to the furthest border of the
microgyrus, which was in layer 3 of the malformation (see
Fig. 3C, arrowheads), and thus covered one side or half of
the microgyrus. Measurements were made over the half of
the microgyrus from which field potential recordings were
made. This cortical distance was similar for the three age
groups: 0.35 = 0.03, 0.34 + 0.04, and 0.38 + 0.04 mm for
P12—-P16 (n = 12), P20—P21 (n = 10), and =P27 (n =
10), respectively. Epileptiform activity rarely was evoked
within the microgyrus itself at any age. When both stimul at-
ing and recording electrodes were placed within the micro-
gyrus only short-latency graded field potentials, without epi-

o
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e
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FIG. 2. Field potentials evoked 1.0 mm
from the microsulcus in slices from freeze-
lesioned rats. Traces 1-3 in A—E show re-
sponses to individual stimulus presentations
of increasing stimulus intensity: 2, 4, and
16 times threshold. A: P9 rat. Slice shows
evoked responses typical of those from rats
<P12. No epileptiform activity was evoked
even though the stimulus intensity series
evoked short-latency field potentials with an
0.5 amplitude similar to that seen in slices from
mV older rats. B—E: long latency epileptiform
activities evoked in rats P12 and older by 2
times (B—E) and 4 times (C) but not 16
times threshold stimuli. B: P16; C: P21; D:
P34; E: P53.

100 ms

leptiform activity were evoked in 83.3% of 30 dlices tested.
Under these recording conditions, we did not determine
whether epileptiform activity was evoked at sites outside of
the microgyrus during stimulation within the microgyrus
(see following paragraphs).

It previoudy has been reported that slices from normal
immature rats have long-latency, multiphasic, NMDA-de-
pendent, all-or-none field potentials similar to those found
adjacent to the microgyrus (Luhmann and Prince 1990b).
We mapped the distribution of such responsesin eight slices
from three control rats, aged P13—P14, in the same way
that we mapped the epileptiform activity adjacent to the
microgyrus: a single recording electrode within layer 111 and
a single stimulating electrode within layer VI directly be-
neath the recording site were moved in steps of 0.5-1.0
mm along lines parallel to the pia, within somatosensory
neocortex. In five dices in which we tested four to eight
sites and three dlices in which two distant sites were stimu-
lated, the long-latency multiphasic field potentials were pres-
ent at al locations and thus were never focal.

To identify the cortical region with the lowest threshold
for initiating the epileptiform activity, the latency of onset
and the stimulus intensity required to produce the epilepti-
form activity (epi-threshold, see METHODS) were measured
at various distances from the microsul cus. Because the onset
latency may vary from one stimulus presentation to the next,
we used a multiple electrode array to record simultaneous
field potentials from 14 different sites (see MmeTHODS). The
array was placed within layer 111, paradlel to the pia, with
the first two to three electrodes within the microgyrus and
the remaining recording points extending within this lamina
to ~1.5 mm from the microsulcus (see Fig. 5A). The stimu-
lating electrode always was placed within layer V1. Both
single recording electrode experiments and those with the
electrode array were used to map the epi-threshold for evok-
ing epileptiform field potential srelative to the distance of the
stimulating electrode from the microsulcus. Epi-threshold
stimulus intensity (microseconds X microamperes) was nor-
malized for each dlice to the largest value for any stimulus
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location within that slice. The location of the site with the
lowest epi-threshold for epileptogenesis was dependent on
the age of the rat. In rats =P25, the site with the lowest epi-
threshold was 0.5 mm from the microsulcus, whereasin rats
=P30, it was 2.0 mm from the microsulcus (Fig. 4D). These
age groups showed significant differences in epi-threshold
a 0.5, 1.0, and 2.0 mm from the microsulcus (t-tests, P <
0.05).

Simultaneous recordings with the electrode array placed
horizontally also alowed for identification of the probable
region of initiation of epileptiform activity. The shortest la-
tency, largest amplitude, and fastest epileptiform activity
typically occurred simultaneously at 2—4 electrodes (Fig. 5,
D-G; electrodes 10—-13). When the stimulating electrode
was moved to different distances from the microsulcus, the
actual latency to epileptiform activity varied but was shortest

FIG. 3. Examples of Nisdl-stained sections from
rats of different survival ages. Slices were fixed and
resectioned after evoked field potential recordings
were made. Numbers identify microgyral layers. A:
section from a P9 neocortical slice in which short-
latency field potentials but no epileptiform activity
was evoked. B: section from a P30 slice in which
epileptiform as well as short-latency fields were
evoked. Appearance is relatively atypical in that
there is only a small region of laminar disruption
and the layers are not ‘‘garlanded’’ (see text). C:
section from a P36 rat, lesioned on PO. Lamination
pattern is somewhat different from that shown in B,
but epileptiform activity similar to that recorded
from the dlice represented in B, was evoked adjacent
to the microgyrus. Arrowheads show abrupt border
between layer 3 of the microgyrus and the adjacent
6-layered cortex. D: section from a P113 rat, le-
sioned on P0. Although lamination pattern is similar
to that in C, no epileptiform activity was evoked in
any of the slices from this rat. Scale bar = 0.2 mm,
for A—D. A—D are representative sections from each
microgyrus.

at the same 2—4 electrodes (initiation zone, Fig. 5, D—G)
in 10 of 12 dlices. For rats aged P12—14, the center of this
initiation zone was =0.6 mm from the microsulcus (n =
3), whereasin dlicesfrom older rats (P21-40), theinitiation
zone was centered =1.4 mm from the microsulcus (n = 6).
The mean distance from the center of the initiation zone in
which the shortest latency epileptiform activity was evoked
to the microsulcus was significantly greater in slices from
the older age group (1.58 + 0.05 mm) than in the P12—P14
age group (0.48 + 0.09 mm; t-test, P < 0.05).

The direction of propagation was not always consistent
even within a particular dlice. In some cases, *‘reflections’’
of activity back to the same location, similar to those re-
ported for bicuculline-induced epileptiform activity (Chag-
nac-Amitai and Connors 1989a), were observed (Fig. 5,
D and F, electrodes 8—13). Corresponding peaks in the
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FIG. 4. Foca nature of epileptogenesis in freeze-lesioned rats. A: re-
sponsesto stimulation at 2 timesthreshold in aslicefrom aP14 rat. Numbers
above traces indicate recording distance in millimeters from microsulcus
for A and B. B: responses to stimulation at 2 times threshold in a slice from
a P30 rat. C: bar graph shows percentage of slices in which epileptiform
fields were evoked at various distances from the microsulcus. Data shown
are for the 37 of 45 dlices with focal epileptiform activity. At distances of
1.5-1.9 mm, dlices from rats =P27 had significantly more epileptiform
activity than slices from younger rats. *, z tests, P < 0.05. For P12-16,
P20-21, and =P27, n = 15, 9, and 13, respectively. D: lowest stimulus
intensity able to evoke epileptiform activity (epi-threshold) at different
stimulus locations within layer VI. Epi-threshold stimulus intensity (us X
©A) normalized for each dice, to the maximum value for that slice. Epi-
thresholds for slices from rats P12—P25 were significantly lower at 0.5 mm
and significantly higher at 1.0 and 2.0 mm from the microsulcus than for
slices from rats P30—P40, t-tests, P < 0.05.

epileptiform activity were identified in different recording
channels on the basis of their shape and position. To calcu-
late the speed of propagation, latency measurements between
peaks were divided by the distance between the electrodes
at which the peaks were observed. Mean speed of propaga
tion for each slice was calculated from two to three stimulus
presentations. The number of calculationsthat could be made

was limited by the number of clearly identifiable peaks at
different electrodes. Propagation velocity, measured in six
dlices, varied from 9.8 to 78.5 mm/s and by as much as
62 mm/s between stimulus presentations within a particular
slice. The overall mean for the six slices was 23.6 = 5.8
(SE) mm/s. Although slow compared with conduction ve-
locities for both myelinated and unmyelinated axons, these
values are in the range of those reported in other models of
in vitro epileptiform activity (see Connors and Amitai 1993;
Wong and Prince 1990).

Stimulation within the microgyrus evoked epileptiform
activity outside of the microgyrus in 8 of 13 dlices tested
(Fig. 5, Band D), whereas epileptiform activity initiated by
stimuli outside the microgyrus propagated into the micro-
gyrus in 6 of 13 dices (Fig. 5, E and G). Because the
specific histological pattern of the microgyrus also varied in
dicesfrom different rats, we determined whether a particular
histological characteristic was associated with the presence
or absence of epileptiform activity within 0.3 mm of the
microsulcus (i.e., within the microgyrus proper). For al of
the dlices in which epileptiform activity did not propagate
into the microgyrus (n = 7), therewas astriking interruption
of the normal laminar pattern, and a U shape to the layers
wrapping around the microsulcus (Fig. 6A), similar to a
pattern in human specimens in which this wrapping of the
layers has been called ‘*garlanded’’ (Crome 1952). In slices
where epileptiform activity was observed <0.3 mm from
the microsulcus, the normal lamination pattern appeared to
continue up to the microsulcus itself (Fig. 6B), the micro-
gyrus was lesswell demarcated and did not have a garlanded
appearance.

Separation of the microgyrus from the epileptogenic zone

We previously have hypothesized that the epileptogenic
zone around the microgyrus (or paramicrogyral generation
zone) develops in part as a result of aberrant connections
that are formed when axons that ordinarily would synapse
on neurons in the missing layers IV—VI lose their targets
(Jacobs et a. 1996a). If these afferents maintain laminar
specificity and synapse in the region adjacent to the micro-
gyrus (see, for example, callosal afferents depicted in Fig.
11), this zone would be hyperinnervated and, by the time
cortical synaptogenesis is complete, might be capable of
initiating epileptiform activity independent of its synaptic
connections with the microgyrus. To test this possibility,
we recorded evoked field potentials in the paramicrogyra
epileptogenic zone of dlices before and after separating the
microgyrus from the recording site with a cut through the
depth of cortex (Fig. 7A; see MmeTHODS). In 10 of 13 dlices
from rats as young as P12 and as old as P34, the epileptiform
activity returned in an average of 22.6 = 5.6 min after the
cortical transection (Fig. 7). The stimulus intensities at
which the epileptiform activity could be evoked were not
different before and after the cut. The mean = SE incidence
of evoked epileptiform activity per 10 stimulus presentations
at twice threshold for all dlices tested was 86.2 + 5.7%
before and 72.5 = 9.8% after the cortical cut. Sites distant to
the microgyrus that had short-latency graded field potentials
without epileptiform activity before the transection, had sim-
ilar fields, without epileptiform activity afterwards. In 3 of
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13 dlices the epileptiform activity did not return =45 min
after the transection. It is possible that these three dlices, all
from rats >30 days old, would have recovered if more time
had elapsed because the recovery of epileptiform activity
required significantly more time in dlices from older rats
(13.7 = 6.6 min in dices from P12—-P22 rats, n = 7, and
43.3 + 15.3 min in slices from P29—P34 rats, n = 3, t-test,
P <0.005). On the basis of these results, it may be that
epileptiform activity is more labile in older animals or that
microgyral connections become essential to the initiation of
epileptiform activity in older animals.

Laminar pattern of epileptiform and short-latency field
potentials

To examine the laminar pattern of epileptiform activity,
the multicontact electrode was placed perpendicular to the

pia (verticaly, Fig. 8A) at a distance of 0.5—1.5 mm from
to the microgyrus, and simultaneous recordings were made
from 16 sites spanning the cortical layers in 8 dlices. The
stimulating electrode was placed within layer VI, either be-
low the electrode array or, when the array spanned the entire
depth of cortex, 100 um from the array within layer VI.
Epileptiform activity appeared to occur nearly simultane-
oudly in al layers (Fig. 8B), and quantitative analyses
showed that there were only small laminar differences in
latency and amplitude (see Table 1). The lamina with the
shortest latency and that with the largest amplitude epilepti-
form activity also varied in different slices, but the difference
in time of onset of epileptiform activity within different
layers in an individual dlice was small (see Table 2). Fast
(<2 ms) sharp waves occurred in layer V in 62% of slices
(n = 8) and were simultaneous with slower epileptiform
activity in other layers (Fig. 8C).
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FIG. 6. Typical patterns of lamination for slices with only short-latency
field potentials and no epileptiform activity =0.3 mm from the microsulcus
(A) and for slices with epileptiform activity =0.3 mm from the microsulcus
(B). A: 4-layered microgyrus can be seen interrupting the normal laminar
pattern. Epileptiform activity evoked with stimulation outside of the micro-
gyrusdid not propagate into the microgyrus. B: sice contains little interrup-
tion of normal laminar pattern. Arrow, microsulcus; arrowheads, border of
microgyral layer 3; circle, stimulation site; white triangle outlined in black,
1 recording site close to microsulcus. Scale bar = 0.3 mm for A and B.

Examination of laminar profiles of epileptiform activity
revealed that the short-latency field potential was aso abnor-
mal. Electrodes were placed in FL dlices as shown in Fig.
8A and in a homotopic region of cortex for slices from
control rats. The initial event in field potentials from layers
[1/111 and V recorded in control slices was a short-latency
graded negativity (Fig. 9A). In 10 of 13 FL dlices, the
field negativity evoked in layers V and VI contained two
individual components that were separated by areturn of the
field potential to near baseline (Fig. 9, Band D). Typicaly at
threshold and twice threshold, only the second of the two
negativity peaks (FLy,) was observed, whereas at stimulus
intensities of 4—16 times threshold, both components were
present. In two of six control slices, a small negative
“‘notch’’ was observed before the peak negativity at stimulus
intensities of 4—16 times (Fig. 9C). In the other four control
dlices, there was no similar separation of components at
any stimulus intensity. The peak amplitudes of the control
negativity and FL , were not significantly different (—0.70 +

0.18 and —0.79 + 0.17 mV, respectively), but FL 5, occurred
significantly earlier than the peak negativity of control slices
(4.15 = 0.28 and 5.28 = 0.45 ms, t-test, P < 0.05). In
addition, the duration of the field negativities was much
shorter in FL dlices, lasting 4—5 ms for both components,
compared with the control negativity, which lasted 6—10 ms
(compare Fig. 9, C with D). The presence of a second peak
negativity in FL slices was not related to the age of the rat
at the time slices were made because it was observed in
dlices from rats aged P15—P38.

NMDA antagonists

We previously have reported that bath application of the
NMDA antagonist, AP5, blocked the epileptiform activity
evoked adjacent to the microgyrus. Because a conflicting
report was published (L uhmann and Raabe 1996), we exam-
ined this issue further. In 10 dlices from rats aged P13—39,
AP5 aways completely eliminated the evoked epileptiform
activity (Fig. 10). With low intensity stimulation, epilepti-
form activity was evoked in each dice by every stimulus
before AP5 application. Epileptiform responses were en-
tirely eliminated after 10 min of AP5 perfusion (fig. 10A).
However, in 6 of 10 experiments we found that higher inten-
sity stimulation was still able to evoke the epileptiform activ-
ity. Increasing the concentration of AP5 to 100 M blocked
the epileptiform activity at al stimulusintensities. Responses
monitored during reperfusion with normal ACSF showed
that epileptiform activity returned after 65—115 min of AP5
washout (n = 4, Fig. 10, A and C).

DISCUSSION

The rat freeze-leson model of microgyria consistently
shows epileptiform activity and is therefore appropriate for
the study of mechanisms contributing to epileptogenesis as-
sociated with human polymicrogyria. The principal findings
of these experiments include age-dependent incidence, time-
dependent changes in the underlying epileptogenic pro-
cesses, location of an epileptogenic zone adjacent to the
microgyrus and support for the concept that the malforma-
tion itself is the inciting lesion but not the generator of
epileptiform activity, abnormal graded short-latency field
potentials in the paramicrogyral zone, and involvement of
NMDA receptors in maintaining the epileptiform activity.

Age-dependent characteristics

The ease with which the experimental cortical maforma-
tion can be induced in a high percentage of lesioned animals
and the similarity in histopathology to human microgyria
provide an opportunity to explore some important phenome-
nology similar to that found after epileptogenic lesions in
man. The overall incidence of epileptiform activity in the
microgyrus model is 78%, a value similar to that estimated
for the clinical incidence of epilepsy in patients with polymi-
crogyria (70—80%) (Barkovich and Kjos 1992). This, of
course, may be pure coincidence, although there are other
features that the experimental and clinical disorders have in
common, including the abnormal laminar pattern and a la-
tency to the appearance of epileptogenic activity. The onset
of seizures associated with polymicrogyria in humans typi-
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FIG. 7. Effect of separating the microgyrus from the
region of epileptogenesis. A: Nissl-stained 40-um sec-
tion from a P24 dlice in which a transcortical cut was
made from piato white matter between the recording site
and the microgyrus (arrowheads). Arrow, microsulcus,
arrowheads, microgyrus; square, recording site; circle,
stimulation site; asterisk, transcortical cut. Scale bar =
0.25 mm. B and C: responses from dlice of A to on-
column stimulation of layer VI at threshold, 2 times,
and 16 times threshold intensities before (B) and 25
min after the microdissection (C). D and E: 6 consecu-
tive stimuli (0.05 Hz) at 2 times threshold before (D)
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cally isin early childhood (Barkovich et al. 1992; Mischel
et al. 1995) but can be delayed for years and may not be
present until adulthood (for example, see Raymond et al.
1995).

The expression of epileptiform activity in the rat micro-
gyrus model, and in certain types of clinical seizure disorders
occurring during infancy and childhood, such as infantile
spasms (Koo et al. 1993), may require that a particular stage
of brain maturation be reached. It is currently not known
what specific process(es) correlates with this timing and
would serve as an enabling factor for the occurrence of
epileptogenesis. There are ongoing changes in synaptogene-
Sis, spine density (Wise et al. 1979), spine distribution
(Miller 1981), neuronal somal size (Miller 1986), and re-
finement of axonal arbor distributions (Uozumi et al. 1988).
It is possible that quantitative rather than qualitative changes
in some developmental parameter are required. For instance,
a correlation has been demonstrated between the number of
synaptic contacts per neuron and the development of the
placing reflex (see Eayrs and Goodhead 1959). Although

and 28 min after the microdissection (E).

0.3

the specific contributions of each of these developmental
processes to the evolution of interictal spiking in neocortex
is uncertain, there are two functional developmental events
that occur in normal rat cortex during the second week of life
that might contribute to the abrupt onset of epileptogenesisin
the area around the microgyrus. First, intrinsically bursting
(1B) neurons, which have been proposed as critical elements
in generating and propagating epileptiform activity within
neocortex (Amitai et al. 1993; Chagnac-Amitai and Connors
1989b; Connors 1984; Gutnick et a. 1982) are absent in
P8—P10 cortex (Franceschetti et al. 1993; Hoffman and
Prince 1995) and appear abruptly at about P14 (Fran-
ceschetti et al. 1993). Although epileptiform discharges in
P8—P10 cortex can be elicited by a convulsant drug before
the development of burst-generating capacities in layer V
neurons (Hablitz 1987; Hoffman and Prince 1995), burst
generation may well be a contributing factor under other
circumstances. The second functional developmental event
is the strong expression of polysynaptic activity mediated
by NMDA receptors, beginning about P11 in rat cortex
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FIG. 8. Pattern of epileptiform activity recorded simultaneously at 16
sites through the cortex in 2 dlices (B and C). A: schematic diagram
illustrating location of stimulating electrode, and multichannel recording
electrode. Array was positioned 0.5-1.5 mm from the microsulcus. B:
epileptiform activity appeared to occur simultaneously throughout layers
but with a larger amplitude in layer 11/111. C: sharp waves are seen within
layer V, simultaneous with slow negative fields in superficia layers.

(Luhmann and Prince 1990a,b) . Changes in subunit compo-
sition of NMDA or other types of glutamate receptors during
development, or changes in receptor density (Monyer et al.
1994, 1991; Sheng et al. 1994) also could be a contributing
factor to the sudden onset of epileptogenesis in this model.
Epileptiform events can be eliminated with NM DA receptor
blockade (Fig. 10), suggesting that activation of these recep-
tors may mediate the abnormal field potentials. Using the
same rat microgyrus model with multiple rather than single
freeze lesions, Luhmann and Raabe (1996) found that 30
uM AP5 was ineffective in blocking the epileptiform activ-
ity. The difference between their results and ours may be
due to different underlying pathol ogies, the concentration of
antagonist applied, or the intensity of stimulation used to
activate the epileptiform activity.

TABLE 1. Laminar differences in epileptiform field latency and
amplitude

Mean Minimum Mean Peak
Layer Latency, ms Amplitude, mV
1/ 63.7 = 18.8 -0.32 = 0.15
\% 62.3 + 15.1 —0.26 = 0.10
VI 69.4 + 19.1 -0.20 = 0.10

Measured in seven of eight sices. One slice had epileptiform activity
only within layer V. No significant differences between lamina (1-way
analysis of variance). Values are means + SE.

TABLE 2. Laminar detection of epileptiform activity
Slice Largest Shortest Latency Difference

Number Amplitude Latency Between Lamina
134913 1/ \% 1.92
234438 /111 \% 2.88
135024 1/ \% 0.4
134438 1/ VI 0.96
134991 /111 VI 0.48
135313 \% 1/ 0.48
135307 \% 1/ 40.8
235255 V* V* *

Mean + SE — — 6.85 + 5.67

* Epileptiform activity only occurred within layer V in this slice.

Time-dependent alterations in epileptogenic
characteristics

Aside from the rather sudden maturation of a capacity to
generate epileptiform discharge at P12 discussed above in
Age-dependent characteristics, there are several other indi-
cations of an ongoing functional cortical reorganization or
continual adaptation that occurs over time in the area of the
microgyrus. These findings include changes in the site with
the lowest threshold for evoking epileptiform activity and
in the site(s) with the highest incidence of epileptiform
activity across all slices mapped. For both of these measures,
there is a shift to areas further from the microgyrus in older
rats (Fig. 4, C and D). There are two indications that this
is not simply due to brain growth and expansion of the
microgyrus. measurements within the electrophysiologically
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FIc. 9. Effect of freeze lesion on the short-latency field potential. Field
potentials were recorded simultaneously, with multichannel electrode array
positioned as in Fig. 8A. Each trace in A-D is the average response to 3
stimulus presentations. A: field potentials recorded in a control sice. B:
field potentials recorded in a slice from a freeze-lesioned rat. C: control
field potential recorded in layer VI contains small negative ‘‘notch’ (1st
arrow) before peak negativity (2nd arrow) but without a return to baseline
between these 2 components. D: field potential recorded in layer VI of
epileptogenic slice shows return of field potential toward baseline between
peaks shown with arrows.
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FIG. 10. Effect of N-methyl-p-aspartate (NMDA) antagonists on epi-
leptiform activity evoked in slices from freeze-lesioned rats. A: time course
of the effect of NMDA antagonist b,L —2-amino-5-phosphonovaleric acid
(AP5) on the epileptiform activity evoked at threshold or 2 times threshold
in 7 dlices. AP5 (50 uM) was bath applied for 10—30 min beginning at
time 0. Recovery of the epileptiform activity after bath application of control
artificial cerebrospinal fluid (ACSF) was monitored in 4 of the 7 slices and
occurred at variable rates. Gray symbols above W (wash) indicate the
amount of recovery for each of those 4 slices, and the black symbol indicates
the average recovery. Percentage of epi activity: [ Average integrated area
of epileptiform activity (mV X ms) during AP5 perfusion/average area
before AP5 perfusion (mV X ms)] 0100 (see METHODS). B and C: series
of 2, 4, and 8 times threshold stimulus intensities applied before (dark
lines, B, 1-3, respectively), and during AP5 perfusion (gray lines, B, 1—
3), and after washout of AP5 (C, 1-3). Responses during AP5 application
were measured 27 min after adding AP5 to the bathing medium. No epilepti-
form activity was evoked at any stimulus intensity, after 15 min of AP5
application. Responses in C were recorded after 65 min of ACSF wash.

mapped hemispheres demonstrated that the average distance
from microsulcus to the onset of typical six-layered cortex
was not significantly different in younger and older age
groups and in both the oldest and younger age groups, epilep-
tiform activity was never evoked at sites =2.5 mm from the
microsulcus (Fig. 4C). The shifts within the epileptogenic
zone, although not likely due to a shift in microgyral size,
still could be related to normal growth of cell processes and
increasing connectivity between theinitially affected cortical
area and normal cortical and extracortical afferents.

An additional factor that suggests ongoing functional reor-
ganization is the significant decrease in incidence of evoked
epileptiform activity in rats >P40 that were lesioned on PO
(Fig. 1). This may be due to the influence of normal cortical
developmental processes such as pruning of excess excit-
atory connectivity (Jonesand Schallert 1992; O’ Leary 1992;
O'Leary and Stanfield 1985) or maturation of GABAergic
circuits (Chronwall and Wolff 1980; Luhmann and Prince

1991; Oh et al. 1995). Other results suggest that inhibitory
neurons in the epileptogenic zone around the microgyrus
may be hyperinnervated by fibers contacting glutamatergic
receptors, thus enhancing inhibition (Jacobs et a. 1996b).
Sprouting of GABAergic terminals (Prince et a. 1997) or
other types of upregulation of GABAergic neurons (Feld-
blum et a. 1990) also could enhance functional inhibitory
circuitry over time and depress epileptogenesis. This tempo-
ral decrease in the occurrence of epileptiform activity has
been reported in other chronic models such as freeze lesions
made in the mature cortex (Lewin 1972), cobalt foci (Dow
et al. 1962; Kusske et al. 1972), and some cases of human
partial epilepsy (Hauser and Kurland 1975).

The difference in incidence of epileptogenesis in mature
(>P40) ratsthat is dependent on whether pupswerelesioned
at PO or P1 emphasizes the fact that similar brain lesions
may have strikingly different consequences if they occur at
different stages of cortical development. Because the cortical
plate is not fully developed at birth, fewer neurons are pres-
ent within it on PO than on P1, so that alesion is likely to
cause more cdl injury and loss on P1. It is also possible
that the later lesion affects some critical group of neurons
not in place on PO. For example, alesion on P1 would affect
a greater number of layer 1V cells than that on PO, perhaps
leading to more extensive retargeting of thalamocortical fi-
bers into the epileptogenic zone.

Epileptogenic zone

In the majority of slices, stimuli could evoke abnormal
activity only from afocal cortical area, suggesting that spe-
cific epileptogenic mechanisms are present in a discrete re-
gion of neocortex, as is perhaps the case in human epilepsy
associated with afocal region of polymicrogyria (Barkovich
and Kjos 1992). Except for a few dices in which epilepti-
form activity could be evoked from all sites tested, the para-
microgyral generation zone ended abruptly ~2.5 mm from
the microsulcus. The extent of this zone may reflect the
spatial extent of abnormal afferents or intracortical connec-
tivity.

The paramicrogyral generation zone may be different
from the region over which the epileptiform activity propa-
gates once triggered. Using the same rat microgyrus model,
Luhmann and Raabe (1996) have shown that epileptiform
activity can be observed =3.6 mm from the stimulation
site. We did not specifically examine the spatial extent of
propagation; however, it was common for evoked epilepti-
form activity to be observed in all channels of our multielec-
trode array, which spanned a distance of 1.7 mm horizontally
(pardlel to the pia) within layer [1/111. The epileptogenic
zone was aways adjacent to the malformation and some-
times included the dyslaminated cortex itself. Even when
epileptiform activity did propagate to cortex within a few
hundred micrometers of the microsulcus, it appeared to be
initiated in the adjacent cortical zone because the onset la
tency was shorter and the epi-threshold stimulus level lower
in this paramicrogyral region. Indeed, the fact that the micro-
gyrus need not be connected to the adjacent cortex for the
epileptiform activity to occur (Fig. 7) further supports the
ideathat the paramicrogyral zone contains the maldevel oped
structures or connections that initiate the interictal activity.
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Thus it is not surprising that variations in histopathology of
the microgyral region did not correlate with the likelihood
of evoking epileptiform activity within the paramicrogyral
zone (see Fig. 3).

In some human patients with microgyral malformations,
EEG abnormalities arise from the region adjacent to the most
severely malformed cortex (Leblanc et al. 1996). Pamini et
al. (1991) have found that the most important factor in pre-
dicting a favorable outcome of epilepsy surgery for microdys-
genesis is the amount of cortex resected. Resecting an area
that contains ictal activity on the eectrocorticogram and is
larger than the extent of the lesion observable on MRI dramat-
icaly improves the outcome, as measured by frequency of
seizures (Palmini et a. 1994). No study specific to polymicro-
gyria has been reported thus far; however, the surgica tech-
nique necessary for elimination of seizures is likely to be
highly dependent on the type of maformation. Many malfor-
mations lumped under the term microdysgeness are thought
to be due to abnormal neuronal migration. Pathologies such
as displaced and abnormally differentiated neurons, and varia-
tions in the topography of involved brain structures likely
result in underlying seizure mechanisms that are different
from those found in developmental lesions, such as microgy-
ria, where the principle abnormality is elimination of subsets
of neurons before cortical neuronal migration is complete. For
example, the “‘balloon’” and giant, undifferentiated neurons
common in most forms of microdysgenesis, such as those
identified by Taylor and colleagues (1971), are absent from
most cases of polymicrogyria (Williams et a. 1976). Dis
placed or abnormally formed neurons might possess abnormal
burst firing properties that would contribute to epileptogenesis
(Baraban and Schwartzkroin 1995; Sancini et a. 1998). The
neurons present within the microgyria are morphologically
similar to normal layer [1/111 neurons, although the cell bodies
may be smaller and they may be misoriented (Dvorak et al.
1978; Friede 1989; Williams et al. 1976; see dso McBride
and Kemper 1982). Ectopic nests of neurons occasionally are
found in layer | adjacent to or within the microgyrus, sug-
gesting that aberrations in migration sometimes occur in addi-
tion to the primary lesion that causes the microgyrus. It is
possible that these displaced neurons contribute to abnormal
neuronal activity; however, we found no correlation between
the presence of layer | ectopia and occurrence of epileptiform
activity in microgyric dices (see ResuLTs). Our data suggest
that for microgyria the region that produces the epileptiform
activity adjacent to the experimental microgyrus may appear
histologically normal in cell stains and if the region of the
malformation aone is removed, the epileptiform activity will
remain.

Hypothetical mechanism of epileptogenesis and aberrant
inputs

Although normal neocortical field potentials may contain
several short-latency negative components (Aizenman et al.
1996; Mitzdorf and Singer 1978; Vaknin et al. 1988), the
appearance of two sharp negativities separated by a return
of the potential toward baseline in FL dlices is unusual. The
short-duration and sharp peak of the individual components
suggests that the underlying synaptic excitation is highly
synchronous for each component. The additional field nega-
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Fic. 11. Cartoon showing hypothetical pattern of aberrant synaptic con-
nectivity occurring during development in response to cortical damage. A:
normal cortex. — — —, callosal afferents. B: cortex containing a microgyrus.
After loss of targets normally present in layers IV —VI, axons destined for
the microgyrus make contacts with neurons in adjacent cortex, resulting in
hyperinnervation. 2, pyramidal neurons; @, stellate neurons of layer IV.
This pattern shown for callosal axons also might occur for other cortical
afferents, such as thalamic (in layer 1V) and local intracortical axons (in
layers 11/111 and V).

tivity evoked in the paramicrogyral zone suggests that abnor-
malities in synaptic connectivity occur in this region. An
increase in excitatory afferents within the paramicrogyral
area, such as that depicted in Fig. 11, especially one leading
to an increase in recurrent excitatory activity, could produce
this type of synchronous abnormal field potential pattern as
well as contribute to the generation of epileptiform activity.

These data suggest that altered development due to focal
loss of a subset of neocortical layers results in abnormal
synaptic connectivity and the capacity of adjacent cortex to
generate epileptiform activity independent of the lesional
areaitself. We hypothesize that callosal, thalamic, and intra-
cortical afferents, that would normally synapse on the absent
neurons, find laminar-appropriate targets in the adjacent re-
gion of cortex (Fig. 11). Experiments with cocultures of
thalamic and cortical neurons have suggested that thalamic
axons grow into the appropriate lamina, independent of the
orientation of the two explants (seeBolz et a. 1993; O’ Leary
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and Koester 1993), and that lamina-specific molecules play
an important role in targeting of axons to particular laminae
(Castellani and Bolz 1997). If reorganizing afferents select
appropriate lamina (or elements of the missing laminae, such
as apical dendrites of layer V neurons within layers [1/111,
see Fig. 11) over originally destined cortical position, an
overabundance of excitatory input or a disorganization of
afferents in the paramicrogyral zone would result. Available
anatomic data support this suggestion. Even small micro-
gyral lesions can giverise to awidespread abnormality in the
development of whisker barrels in adjacent somatosensory
cortex (Jacobs et al. 1997). Humphreys et a. (1991) have
demonstrated disorganized glutamatergic immunoreactive
processesin the region adjacent to the microgyrus, adecrease
in neurofilament staining within the microgyrus itself, and
an increase in the adjacent cortex. Abnormalitiesin callosal
afferents to microgyral cortex have been observed in a spon-
taneously occurring microgyrus in the rat (Rosen et al.
1989). In addition, thalamic afferents appear to be decreased
within the microgyrus (Rosen and Galaburda 1996; V. N.
Kharazia, K. M. Jacobs, and D. M. Prince, unpublished ob-
servations) and may be increased within the paramicrogyra
zone (Jacobs et al. 1997). These findings suggest that affer-
ents that normally would have synapsed on neurons in the
missing laminae are directed to the surrounding zone.

The circuits necessary for the generation and propagation
of epileptiform activity are present in the neocortex, and
small shifts in the normal balance between excitation and
inhibition toward excitation can result in epileptiform activ-
ity (Chagnac-Amitai and Connors 1989a; Empson et al.
1993; Gutnick et al. 1982; Mattia et al. 1993; Straub et al.
1992). However, simply increasing the strength of normally
present afferent connections might not be expected to initiate
epileptiform activity, if the enhanced excitatory inputs were
onto both pyramidal cells and inhibitory neurons. For exam-
ple, increasing the intensity of single electrical stimuli in-
creases both excitation and inhibition and does not evoke
epileptiform discharge. In fact such stimuli may block in-
terictal discharges triggered by lower intensity stimuli in
chronically epileptogenic brain slices (e.g., Fig. 6 of Jacobs
et a. 1996a; and Fig. 8 of Prince and Tseng 1993). Thus
increased excitatory afferents would have to be selective
to certain neurons or certain components of the circuit for
excitation to overcome inhibition as might occur with en-
hanced recurrent excitation among pyramidal neurons
(Dichter and Spencer 1969; McKinney et al. 1997; Salin et
al. 1995; Traub and Wong 1982). The hypothesis that en-
hanced connectivity between layer V pyramidal neurons ad-
jacent to the microgyrus develops because of loss of layer
V targetsin the microgyral area can be tested with additional
anatomic and electrophysiological experiments. In particu-
lar, it will be of interest to determine whether intrinsically
bursting neurons are involved in this circuit reorganization,
because they are predominantly located in deep layers, are
important sources of horizontal intracortical axons (Chag-
nac-Amitai et a. 1990), and are thought to be crucial ele-
ments for initiation and propagation of epileptiform activity
(Chagnac-Amitai and Connors 1989b).

We thank |. Parada for technical assistance.
This research was supported by National Institute of Neurological Disor-

dersand Stroke Grants NS-12151 and NS-09806, the Morris Research Fund,
and Pimley Training Program.
Address reprint requests to K. M. Jacobs.

Received 13 November 1997; accepted in final form 25 September 1998.

REFERENCES

AizenmaN, C. D., Kirkwoob, A., AND BEAR, M. F. A current source density
analysis of evoked responses in slices of adult rat visual cortex: implica-
tions for the regulation of long-term potentiation. Cereb. Cortex 6: 751—
758, 1996.

AMITAL, Y., FRIEDMAN, A., CONNORS, B. W., AND GuTNICK, M. J. Regenera-
tive activity in apical dendrites of pyramidal cells in neocortex. Cereb.
Cortex 3: 26—38, 1993.

ANNEGERS, J. F. The natural course of epilepsy: an epidemiologic perspec-
tive. In: The Surgical Management of Epilepsy, edited by A. R. Wyler
and B. P. Hermann. Boston: Butterworth-Heinemann, 1994, p. 3-7.

BArRABAN, S.C. AND ScHWARTzKROIN, P.A. Electrophysiology of CA1l
pyramidal neurons in an animal model of neuronal migration disorders:
prenatal methylazoxymethanol treatment. Epilepsy Res. 22: 145-156,
1995.

BaRrkovicH, A. J., GResseENs, P., AND EvRARD, P. Formation, maturation,
and disorders of brain neocortex. Am. J. Neuroradiol. 13: 423—446, 1992.

BarkovicH, A. J. aND Kios, B. O. Nonlissencephalic cortica dysplasias:
correlation of imaging findings with clinical deficits. Am. J. Neuroradiol.
13: 95-103, 1992.

BarkovicH, A. J.,, RowLEY, H., AND BoLLEN, A. Correlation of prenatal
events with the development of polymicrogyria. Am. J. Neuroradiol. 16:
822-827, 1995.

BoLz, J., Gotz, M., HUBENER, M., AND Novak, N. Reconstructing cortical
connections in a dish. Trends Neurosci. 16: 310—316, 1993.

BRANNSTROM, T., SILFVENIUS, H., AND OLIVECRONA, M. The range of disor-
ders of cortical organization in surgicaly treated epilepsy patients. In:
Dysplasias of Cerebral Cortex and Epilepsy, edited by R. Guerrini, F.
Andermann, R. Canapicchi, J. Roger, B. G. Zifkin, and P. Pfanner. Phila-
delphia: Lippincott-Raven Publishers, 1996, p. 57—64.

BrobTkoRB, E. The diversity of epilepsy in adults with severe develop-
mental disabilities: age at seizure onset and other prognostic factors.
Seizure 3: 277-285, 1994,

CASTELLANI, V. AND BoLz, J. Membrane-associated molecules regulate the
formation of layer-specific cortical circuits. Proc. Natl. Acad. Sci. USA
94: 7030-7035, 1997.

CHAGNAC-AMITAL, Y. AND CoNNORs, B. W. Horizontal spread of synchro-
nized activity in neocortex and its control by GABA-mediated inhibition.
J. Neurophysiol. 61: 747—758, 1989a

CHAGNAC-AMITAI, Y. AND CoNNORs, B. W. Synchronized excitation and
inhibition driven by intrinsically bursting neurons in neocortex. J. Neuro-
physiol. 62: 1149-1162, 1989b.

CHAGNAC-AMITAL, Y., LUHMANN, H. J., AND PrINCE, D. A. Burst generating
and regular spiking layer 5 pyramidal neurons of rat neocortex have
different morphological features. J. Comp. Neurol. 296: 598—613, 1990.

CHRONWALL, B. AND WoLFF, J. R. Prenatal and postnatal development of
GABA-accumulating cells in the occipital neocortex of rat. J. Comp.
Neurol. 190: 187—-208, 1980.

CoHEN, M. AND RoessmaNN, U. In utero brain damage: relationship of
gestational age to pathological consequences. Dev. Med. Child Neurol.
36: 263—268, 1994.

ConnNoRs, B. W. Initiation of synchronized neuronal bursting in neocortex.
Nature 310: 685—-687, 1984.

ConnoRs, B.W. anp AmiTal, Y. Generation of epileptiform discharge
by local circuits of neocortex. In: Epilepsy: Models, Mechanisms, and
Concepts, edited by P. A. Schwartzkroin. New Y ork: Cambridge Press,
1993, p. 388—423.

CrOME, L. Microgyria. J. Pathol. Bacteriol. 64: 479-495, 1952.

DicHTER, M. AND SPENCER, W. A. Penicillin-induced interictal discharges
from the cat hippocampus. I1. Mechanisms underlying origin and restric-
tion. J. Neurophysiol. 32: 663—687, 1969.

Dow, R. S., FERNANDEZ-GUARDIOLA, A., AND MANNI, E. The production
of experimental cobalt epilepsy in the rat. Electroencephalogr. Clin. Neu-
rophysiol. 14: 399—407, 1962.

Dvorak, K. AnD FeIT, J. Migration of neuroblasts through partial necrosis
of the cerebral cortex in newborn rats. Contribution to the problems of
morphological development and developmental period of cerebral micro-
gyria. Acta Neuropathol. (Berl.) 38: 203—212, 1977.

LT0Z ‘TZ AInC uo 9°€£°022°0T Aq /Bio"ABojoisAyd-uly/:dny woly pspeojumod



http://jn.physiology.org/

172 K. M. JACOBS, B. J. HWANG, AND D. A. PRINCE

Dvorak, K., FEIT, J, AND JURANKOVA, Z. Experimentally induced focal
microgyriaand status verrucosus deformisin rats. Pathogenesis and inter-
relation histological and autoradiographical study. Acta Neuropathol.
(Berl.) 44: 121-129, 1978.

EaYRrs, J. T. AND GoopHEAD, B. Postnatal development of the cerebral
cortex in the rat. J. Anat. 93: 385-402, 1959.

Empson, R. M., AMITAl, Y., JEFFERYS, J. G., AND GUTNIcK, M. J. Injection
of tetanus toxin into the neocortex elicits persistent epileptiform activity
but only transient impairment of GABA release. Neuroscience 57: 235—
239, 1993.

FELDBLUM, S., ACKERMANN, R. F., AND ToBIN, A. J. Long-term increase of
glutamate decarboxylase MRNA in arat model of temporal |obe epilepsy.
Neuron 5: 361-371, 1990.

FrRANCESCHETTI, S., Buzio, S., SanciNi, G., Panzica, F., AND AVANZINI,
G. Expression of intrinsic bursting properties in neurons of maturing
sensorimotor cortex. Neurosci. Lett. 162: 25—28, 1993.

FriEDE, R. Developmental Neuropathology. Springer: New Y ork, 1989.

GALABURDA, A. M. Neuropathologic correlates of learning disabilities.
Semin. Neurol. 11: 20-27, 1991.

GonaTAs, N. K. AND Moss, A. Pathologic axons and synapses in human
neuropsychiatric disorders. Hum. Pathol. 6: 571-582, 1975.

GuTNick, M. J., ConNoRs, B. W., AND PrINCE, D. A. Mechanisms of neo-
cortical epileptogenesis in vitro. J. Neurophysiol. 48: 13211335, 1982.

HaBLITZ, J. J. Spontaneous ictal-like discharges and sustained potential
shifts in the developing rat neocortex. J. Neurophysiol. 58: 1052—1065,
1987.

HAuseRr, W. A. AND KURLAND, L. T. The epidemiology of epilepsy in Roch-
ester Minnesota, 1935 through 1967. Epilepsia 16: 1-66, 1975.

HorrFmAN, S. N. AND PRINCE, D. A. Epileptogenesisin immature neocortical
slices induced by 4-aminopyridine. Dev. Brain Res. 85: 64—70, 1995.

HumpHREYS, P., KauFrmANN, W. E., AND GALABURDA, A. M. Develop-
mental dyslexia in women: neuropathological findings in three patients.
Ann. Neurol. 28: 727—738, 1990.

HumPHREYS, P., RoseN, G. D., Press, D. M., SHERMAN, G. F., AND GALA-
BURDA, A. M. Freezing lesions of the developing rat brain: a model for
cerebrocortical microgyria. J. Neuropathol. Exp. Neurol. 50: 145-160,
1991.

Jacoss, K. M., Gutnick, M. J,, AND PriNCE, D. A. Hyperexcitability in a
model of cortical maldevelopment. Cereb. Cortex 6: 514—-523, 1996a.
Jacoss, K. M., HUGUENARD, J. R., AND PRINCE, D. A. Inhibitory currents
in a developmental model of epilepsy. Soc. Neurosci. Abstr. 22: 2102,

1996b.

Jacoss, K. M., MoGeNseN, M., WARREN, L., AND PRINCE, D. A. Experi-
mental microgyri disrupt cytochrome oxidase-identified barrel formation
in rat somatosensory cortex. Soc. Neurosci. Abstr. 23: 811, 1997.

JoNEs, T. A. AND ScHALLERT, T. Overgrowth and pruning of dendrites in
adult rats recovering from neocortical damage. Brain Res. 581: 156—160,
1992.

Koo, B., HwaNgG, P. A., AND LoGaN, W. J. Infantile spasms: outcome and
prognostic factors of cryptogenic and symptomatic groups. Neurology
43: 2322-2327, 1993.

Kusske, J. A., OEMANN, G. A., AND WARD, A. A., JrR. Effects of lesions
in ventral anterior thalamus on experimental focal epilepsy. Exp. Neurol.
34: 279-290, 1972.

Kuzniecky, R., ANDERMANN, F., AND GUERRINI, R. Infantile spasms: an
early epileptic manifestation in some patients with the congenital bilateral
perisylvian syndrome. J. Child Neurol. 9: 420—423, 1994.

LARROCHE, J. C. Cytoarchitectonic abnormalities. In: Congenital Malforma-
tions of the Brain and Skull, edited by P. J. Vinken and G. W. Bruyn.
New York: North-Holland, 1977, part |, p. 479—506.

LARROCHE, J. C. Maformations of the nervous system. In: Greenfield's
Neuropathology, edited by J. H. Adams, JA.N. Corsellis, and L. W.
Duchen. New York: Wiley, 1984, p. 385—450.

LeBLANC, R., TAMPIERI, D., ROBITAILLE, Y., FEINDEL, W., AND ANDER-
MANN, F. Surgical treatment of focal epilepsy in patients with
schizencephaly. In: Dysplasias of Cerebral Cortex and Epilepsy, edited
by R. Guerrini, F. Andermann, R. Canapicchi, J. Roger, B. G. Zifkin,
and P. Pfanner. Philadel phia: Lippincott-Raven Publishers, 1996, p. 417—
425,

Leving, D. N., FisHER, M. A., AND CaviNEss, V.S.J. Porencephay with
microgyria: a pathologic study. Acta Neuropathol. (Berl.) 29: 99-113,
1974.

Lewin, E. The production of epileptogenic cortical foci in experimental
animals by freezing. In: Experimental Models of Epilepsy—A Manual

for the Laboratory Worker, edited by D. P. Purpura, J. K. Penry, D. B.
Tower, D. M. Woodbury, and R. D. Walter. New York: Raven, 1972, p.
37-49.

LuHMANN, H. J. AND PrINCE, D. A. Control of NMDA receptor-mediated
activity by GABAergic mechanismsin mature and developing rat neocor-
tex. Brain Res. Dev. Brain Res. 54: 287-290, 1990a.

LuHmANN, H. J. AND PrINCE, D. A. Transient expression of polysynaptic
NMDA receptor-mediated activity during neocortical development. Neu-
rosci. Lett. 111: 109—-115, 1990b.

LuHMANN, H. J. AND PRINCE, D. A. Postnatal maturation of the GABAergic
system in rat neocortex. J. Neurophysiol. 65: 247—-263, 1991.

LuHMANN, H.J. AND RaaBg, K. Characterization of neuronal migration
disorders in neocortical structures. 1. Expression of epileptiform activity
in an animal model. Epilepsy Res. 26: 67—74, 1996.

MATTIA, D., Hwa, G. G., AND AvoLl, M. Epileptiform activity induced by
4-aminopyridine in guinea-pig and rat neocortices. Neurosci. Lett. 154:
157-160, 1993.

McBRrIDE, M. C. AND KEMPER, T. L. Pathogenesis of four-layered micro-
gyric cortex in man. Acta Neuropathol. (Berl.) 57: 93—98, 1982.

McKINNEY, R. A., DEBANNE, D., GAHWILER, B. H., AND THOMPSON, S. M.
Lesion-induced axonal sprouting and hyperexcitability in the hippocam-
pus in vitro: implications for the genesis of posttraumatic epilepsy. Nat.
Med. 3: 990—-996, 1997.

MILLER, M. Maturation of rat visual cortex. |. A quantitative study of Golgi-
impregnated pyramidal neurons. J. Neurocytol. 10: 859—878, 1981.

MILLER, M. W. Maturation of rat visual cortex. I11. Postnatal morphogenesis
and synaptogenesis of local circuit neurons. Brain Res. 390: 271-285,
1986.

MiscHEL, P. S., NGUYEN, L. P., AND VINTERS, H. V. Cerebra cortical dys-
plasia associated with pediatric epilepsy. Review of neuropathologic fea-
tures and proposal for a grading system. J. Neuropathol. Exp. Neural.
54: 137-153, 1995.

MiTzporF, U. AND SINGER, W. Prominent excitatory pathways in the cat
visual cortex (A 17 and A 18): a current source density analysis of
electrically evoked potentials. Exp. Brain Res. 33: 371-394, 1978.

MONYER, H., BURNASHEV, N., LAURIE, D. J., SAKMANN, B., AND SEEBURG,
P. H. Developmental and regional expression in the rat brain and func-
tional properties of four NMDA receptors. Neuron 12: 529—-540, 1994.

MONYER, H., SEEBURG, P. H., AND WispeEN, W. Glutamate-operated chan-
nels: developmentally early and mature forms arise by alternative splic-
ing. Neuron 6: 799—810, 1991.

MuNARI, C., FRANCIONE, S., KAHANE, P., TAssl, L., HOFFMANN, D., GAR-
REL, S., AND PASQUIER, B. Usefulness of stereo EEG investigations in
partial epilepsy associated with cortical dysplastic lesions and gray matter
heterotopia. In: Dysplasias of Cerebral Cortex and Epilepsy, edited by
R. Guerrini, F. Andermann, R. Canapicchi, J. Roger, B. G. Zifkin, and
P. Pfanner. Philadelphia: Lippincott-Raven Publishers, 1996, p. 383—
394.

O'LEARY, D. D. Development of connectional diversity and specificity in
the mammalian brain by the pruning of collateral projections. Curr. Opin.
Neurobiol. 2: 70-77, 1992.

O'LEARY, D.D. aAND KOESTER, S. E. Development of projection neuron
types, axon pathways, and patterned connections of the mammalian cor-
tex. Neuron 10: 991-1006, 1993.

O'LEARY, D. D. AND STANFIELD, B. B. Occipital cortical neurons with tran-
sient pyramidal tract axons extend and maintain collaterals to subcortical
but not intracortical targets. Brain Res. 336: 326—333, 1985.

OH, K. S, LEE, C. J, GiBBs, J. W., AND COULTER, D. A. Postnatal develop-
ment of GABAA receptor function in somatosensory thalamus and cortex:
whole-cell voltage-clamp recordings in acutely isolated rat neurons. J.
Neurosci. 15: 1341-1351, 1995.

OLIVIER, A., ANDERMANN, F., PALMINI, A., AND ROBITAILLE, Y. Surgical
treatment of the cortical dysplasias. In: Dysplasias of Cerebral Cortex
and Epilepsy, edited by R. Guerrini, F. Andermann, R. Canapicchi, J.
Roger, B. G. Zifkin, and P. Pfanner. Philadel phia: Lippincott-Raven Pub-
lishers, 1996, p. 351—366.

PaLMINI, A., ANDERMANN, F., OLIVIER, A., TAMPIERI, D., AND ROBITAILLE,
Y. Foca neurona migration disorders and intractable partial epilepsy:
results of surgical treatment. Ann. Neurol. 30: 750—757, 1991.

PaLmini, A., GAMBARDELLA, A., ANDERMANN, F., DuBeau, F., CosTA DA
CosTA, J., OLIVIER, A., TAMPIERI, D., GLOOR, P., QUESNEY, F., ANDER-
MANN, E., PaGLioLl, E., PAaGLIOLI-NETO, E., PORTUGUEZ, M., COUTINHO,
L., Raupp, S., LEBLANC, R., AND KimM, H. The human dysplastic cortex
isintrinsically epileptogenic. In: Dysplasias of Cerebral Cortex and Epi-

LT0Z ‘TZ AInC uo 9°€£°022°0T Aq /Bio"ABojoisAyd-uly/:dny woly pspeojumod



http://jn.physiology.org/

EPILEPTOGENESIS AND EXPERIMENTAL MICROGYRIA 173

lepsy, edited by R. Guerrini, F. Andermann, R. Canapicchi, J. Roger,
B. G. Zifkin, and P. Pfanner. Philadelphia: Lippincott-Raven Publishers,
1996, p. 43-52.

PaLmiNI, A., GAMBARDELLA, A., ANDERMANN, F., DuBeau, F., Da, C. J,
OLIVIER, A., TAMPIERI, D., GLOOR, P., QUESNEY, F., AND ANDERMANN,
E. Intrinsic epileptogenicity of human dysplastic cortex as suggested by
corticography and surgical results. Ann. Neurol. 37: 476—487, 1995.

PaLmini, A., GAMBARDELLA, A., ANDERMANN, F., DuBeau, F.,, Da, C. J,,
OLIVIER, A., TAMPIERI, D., ROBITAILLE, Y., PacLIOLI, E., AND PAGLIOLI,
N. E. Operative strategies for patients with cortical dysplastic lesions and
intractable epilepsy. Epilepsia 35, Suppl. 6: S57-S71, 1994.

PRINCE, D. A., Jacoss, K. M., SALIN, P. A., HOFFMAN, S., AND PARADA, I.
Chronic focal neocortical epileptogenesis. does disinhibition play arole?
Can. J. Physiol. Pharmacol. 75: 500-507, 1997.

PrINCE, D. A. AND TseENG, G.-F. Epileptogenesis in chronically injured
cortex: in vitro studies. J. Neurophysiol. 69: 1276—1291, 1993.

RaymonD, A. A., FisH, D. R., SisobivA, S. M., ALsANJARI, N., STEVENS,
J. M., AND SHORVON, S. D. Abnormalities of gyration, heterotopias, tuber-
ous sclerosis, focal cortical dysplasia, microdysgenesis, dysembryoplastic
neuroepithelial tumour and dysgenesis of the archicortex in epilepsy.
Clinical, EEG and neuroimaging features in 100 adult patients. Brain
118: 629-660, 1995.

RicHmAN, D. P., STEWART, R. M., AND CAVINESs, V.S.J. Cerebral microgy-
ria in a 27-week fetus: an architectonic and topographic analysis. J.
Neuropathol. Exp. Neurol. 33: 374—384, 1974.

RoBinsoN, R. G. Agenesis and anomalies of other brain structures. In:
Congenital Malformations of the Brain and Skull, edited by P. J. Vinken
and G. W. Bruyn. New York: North-Holland, 1977, part |, p. 337—366.

RoseN, G. D. AND GALABURDA, A. M. Efferent and afferent connectivity
of induced neocortical microgyria. Soc. Neurosci. Abstr. 22: 485, 1996.

RoseN, G. D., GALABURDA, A. M., AND SHERMAN, G. F. Cerebrocortical
microdysgenesis with anomalous callosal connections: a case study in
the rat. Int. J. Neurosci. 47: 237—247, 1989.

SALIN, P., TseEnG, G. F., HoFFmAN, S., PARADA, |., AND PRINCE, D. A.
Axonal sprouting in layer V pyramidal neurons of chronically injured
cerebral cortex. J. Neurosci. 15: 8234—8245, 1995.

SANCINI, G., FRANCESCHETTI, S., BATTAGLIA, G., CoLAciTTl, C., DiLucA,
M., SPREAFICO, R., AND AVANZzINI, G. Dysplastic neocortex and subcorti-
ca heterotopias in methylazoxymethanol-treated rats: an intracellular
study of identified pyramidal neurones. Neurosci. Lett. 246: 181-185,
1998.

SHENG, M., CumMmINGS, J.,, RoLDAN, L. A., JaN, Y.N., AND JAN, L.Y.
Changing subunit composition of heteromeric NMDA receptors during
development of rat cortex. Nature 368: 144—147, 1994.

STRAUB, H., KOHLING, R., AND SPECKMANN, E. J. Low magnesium induced
epileptiform discharges in neocortical slices (guineapig): increased anti-
epileptic efficacy of organic calcium antagonist verapamil with elevation
of extracellular K* concentration. Comp. Biochem. Physiol. C 103: 57—
63, 1992.

STRIANO, S,, Ruosi, P., GuzzeTTA, V., PERONE, L., MANTO, A., AND CI-
RILLO. S. Cutis verticis gryata—mental deficiency syndrome: a patient
with drug-resistant epilepsy and polymicrogyria. Epilepsia 37: 284—286,
1996.

TAYLOR, D., FALCONER, M., BRUTON, C., AND CoRrsELLIS, J. Focal dysplasia
of the cerebral cortex in epilepsy. J. Neurol. Neurosurg. Psychiatry 34:
369-387, 1971.

TrAUB, R. D. AND WONG, R. K. Cellular mechanism of neurona synchroni-
zation in epilepsy. Science 216: 745—747, 1982.

TruwiT, C. L., BARKOVICH, A. J.,, KocH, T. K., AND FERRIERO, D. M. Cere-
bral palsy: MR findings in 40 patients [ see comments]. Am. J. Neurora-
diol. 13: 67—78, 1992.

Uozumi, T., NAKAMURA, H., KAWABUCHI, M., AND KANASEKI, T. Patterns
of maturation of somatotopical distribution of corticospinal neurons in
postnatal rats. A WGA-HRP study. Anat. Embryol. (Berl.) 179: 19-24,
1988.

VAKNIN, G., DISCENNA, P. G., AND TEYLER, T. J. A method for calculating
current source density (CSD) analysis without resorting to recording
sites outside the sampling volume. J. Neurosci. Methods 24: 131-135,
1988.

WEINBERGER, D. R. AND LiPskA, B. K. Cortical maldevelopment, anti-psy-
chotic drugs, and schizophrenia: a search for common ground. Schizophr.
Res. 16: 87—-110, 1995.

WiLLiams, R. S., FERRANTE, R. J.,, AND CavinEess, V.S.J. The cellular pa
thology of microgyria. A golgi analysis. Acta Neuropathol. (Berl.) 36:
269-283, 1976.

Wisk, S. P, FLEsHMAN, J. W., JR., AND JoNES, E. G. Maturation of pyrami-
da cell form in relation to developing afferent and efferent connections
of rat somatic sensory cortex. Neuroscience 4: 1275-1297, 1979.

Wisniewskl, K. E. Down syndrome children often have brain with matura-
tion delay, retardation of growth, and cortical dysgenesis. Am. J. Med.
Genet. 7, Suppl.: 274-281, 1990.

WoNG, B. Y. aND PrINCE, D. A. The lateral spread of ictal discharges in
neocortical brain slices. Epilepsy Res. 7: 29—39, 1990.

LT0Z ‘TZ AInC uo 9°€£°022°0T Aq /Bio"ABojoisAyd-uly/:dny woly pspeojumod



http://jn.physiology.org/

