resembling human four-layered microgyria can be induced
by hypoxic-ischemic damage to the developing cortical
plate by either freezing injury (Dvorak and Feit 1977, Dvorak
et al. 1978, Humphreys et al. 1991, Suzuki and Choi 1991,
Rosen et al. 1992a, Ferrer et al. 1993a) or by ibotenic acid
injections (Innocenti and Berbel 1991, Marret et al. 1995)
during the period of late neuronal migration. Slices of micr-
ogyric cortex have been shown to be epileptogenic
(Luhmann and Raabe 1996; Jacobs et al. 1996, 1999;
Luhmann et al. 1998), and male rats with microgyria have
been shown to have difficulties in the ability to process fast
auditory information, similar to those seen in individuals
with dyslexia (Fitch etal. 1994, 1997).

The advent of these animal models has made possible the
exploration of key factors involved in the ontogeny of the
cerebral cortex, as well as enabling a better understanding
of the mechanisms involved in the development of the mal-
formations themselves. One feature of human neuronal
development which is not completely understood is the
cooccurrence of multiple malformations in the same brain
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(e.g. Leventer et al. 1999). For example, polymicrogyria
and/or pachygyria has been reported in association with
white and grey matter heterotopias (Robain and Deonna
1983, Becker et al. 1989, Billette de Villemeur et al. 1992,
Larroche et al. 1994). In some severe cases, porencephaly,
polymicrogyria, and heterotopias were seen together, and
it was suggested that they might all result from a single etio-
logic event (Siejka et al. 1989; Tominaga et al. 1996). Yet, it
could be that different kinds of injuries acquired at the
same time of gestation could each cause a separate type of
malformation (Ferrer et al. 1993a). Finally, the same etio-
logical event, albeit acting at the same time, may vary in
severity and lead to different malformations. In this experi-
ment we tested the hypothesis that different types of mal-
formations could be induced by injury to the developing
cortical plate delivered at the same age but with increasing
severity. Specifically, we exposed individual neonatal rats to
either one or two freezing injuries ranging in duration from
2 to 20 s and categorized the resultant malformations of the
cortex.
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Figure 1: (a) Photomicrograph from a P2 rat subjected to a 2-s freezing injury on P1. Note relatively sparse area of necrosis in
cortical plate (arrowhbeads). (b) Photomicrograph from a P2 rat subjected to a 5-s freezing injury on P1. Note area of necrosis
(arrowbeads), which is much larger than seen after a 2-s freezing injury (panel a), and encompasses entire cortical plate. (¢)
Photomicrograph from a P2 rat subjected to a 10-s freezing injury on P1. Note area of necrosis (arrowbeads), which is larger
in both mediolateral plane and in dorsoventral plane than seen after freezing injuries of shorter duration (panels a, b).
Arrows denote some sparing of subplate cells, although not complete. (d) Photomicrograph from a P2 rat subjected to a 20-s
freezing injury on P1. Note area of necrosis (arrowheads), which is far larger in both medio-lateral plane and in
dorsoventral plane than seen after freezing injuries of shorter duration (panels a,b,c). Necrosis includes entire cortical plate
and subplate cells. White arrowbead points to necrosis extending into white matter. Bar = 200 um for each panel.

cp, cortical plate; sp, subplate cells; wm, white matter.
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Figure 2: (a) Tracings from left hemisphere of a rat sacrificed at P21 after a single 2-s freezing lesion to cortical plate at PO.
Grey region denotes area of microdysgenesis. Asterisk denotes section photomicrographbed in accompanying panels. Bar =
1mm. (b) Nissl-stained section showing region of microdysgenesis (asterisk). (b’). Higher power magnification showing
microdysgenetic region. Note deflection of molecular layer (asterisk). Bar for b = 800 um, bar for b’ = 400 um. (c¢) Section
slightly rostral to section b immunobistochemically stained for neurofilament. Note slight decrease in neurofilament
staining in region of damage in botbh c (asterisk) and c’ (asterisk and arrows). Bar for ¢ = 800 um, bar for ¢’ = 400 wm. (d)
Tracings from left hemisphere of a rat sacrificed at P21 following single 5-s freezing lesion to cortical plate at PO. Gray region
denotes area of microdysgenesis. Asterisk denotes section photomicrographed in accompanying panels. Bar = 1 mm. (e)
Nissl-stained section showing region of microgyria (asterisk) with cell free region (arrowbeads). There is region of less
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Method

Eight pregnant Wistar rats were obtained from Charles River
Laboratories (Wilmington, MA) on gestational day 16 to 18
(E16 to 18). On the day after birth (P1), animals were ran-
domly assigned to receive either one or two freezing injuries
to the left hemisphere or a sham surgery. Cortical develop-
ment of P1 rats is equivalent to that of humans at 4 to 5
months of gestation. Those receiving freezing injury were
further assigned an injury duration of either 2, 5, 10, or 20 s.
On P2 (n=9), P21 (n=17), or P60 (n=18), the animals were
perfused transcardially with 0.9% saline followed by 4%
paraformaldehyde, and their brains subsequently processed
for immunohistochemistry and standard histology.

INDUCTION OF MICROGYRIA
Microgyria were induced based on a modification of a tech-
nique by Dvorik and colleagues (Dvorik and Feit 1977,
Dvorak et al. 1978), and reported in detail elsewhere
(Humphreys etal. 1991, Rosen et al. 1992a). Pups were anes-
thetized with hypothermia, and a small incision was made in
the anteroposterior plane of the skin over the midline,
exposing the skull. For those receiving a single injury, a
cooled (-70°C) stainless steel probe with a 2 mm diameter
was placed on the skull over the left hemisphere, approxi-
mately 2 mm lateral of the sagittal suture and 2 mm caudal of
bregma, for either 2, 5, 10, or 20s. Those receiving two
injuries were treated identically, except that the first was
placed 1 mm caudal of bregma and the second 1 mm rostral
of lambda. Animals receiving sham surgery were treated
identically to those receiving freezing injury except that the
probe was maintained at room temperature. After surgery,
the skin was quickly sutured, subjects were then marked
with identifying ink injections to their footpads, warmed
under a lamp, then returned to their mother.

HISTOLOGY
For all perfusions, subjects were anesthetized (P2 by hypo-
thermia; P21 or P60 by pentobarbital [60 mg/kg i.p.]) and

transcardially perfused with 0.9% saline followed by 4%
paraformaldehyde. Their brains were removed from their
skulls and placed into fresh 4% paraformaldehyde for 24
hours. The brains were then placed in a 10% sucrose solu-
tion in 0.1 M sodium phosphate buffer for at least 24 hours,
and then placed in 30% sucrose buffer until they sank. A
small cut was made on the ventral surface of the right hemi-
sphere, and the brains were frozen on dry ice, serially sec-
tioned in the coronal plane at 40 pm, and the sections stored
in 0.1 M sodium phosphate buffer. One series of every tenth
section was stained with Thionin for Nissl substance (P2,
P21, and P60). An adjacent series was stained for neurofila-
ment (P21 and P60 only) as it had previously shown that dis-
ruption of neurofilament-positive fibers followed neonatal
freezing lesions (Humphreys et al. 1991), and further that it
could provide complementary information concerning the
extent of the malformation.

Nissl
Mounted sections were stained for Nissl substance with
0.05% Thionin using standard techniques.

Neurofilament immunobistochemistry

Free-floating sections were rinsed twice in phosphate buffer
saline (PBS; pH 7.4) for 5 minutes each and transferred to a
buffered 0.6% hydrogen peroxide solution to block staining
of endogenous peroxidases. Sections were rinsed twice in
PBS and incubated overnight at 4°C in a 1:1000 dilution of
an antibody cocktail to the 68 kDa and 150 kDa subunits of
neurofilament (SMI-311; Sternberger Monoclonals Inc.,
Baltimore, MD). The vehicle (diluent) was 3% rabbit serum
in PBS with 0.3% Triton X-100.

Sections were then placed into a solution containing the
linking antibody (rabbit anti-mouse immunoglobulin;
Dakopatts [Santa Barbara, CA] Z259 — diluted 1:20) at room
temperature for 2 hours. Sections were rinsed twice with
PBS and placed in a 1:250 dilution of mouse peroxidase anti-
peroxidase (Dakopatts B650) at room temperature for 2

severe microdysgenesis medially which is not as evident with Nissl stains (arrows). (e’) Higher power magnification of
microgyria. Bar for e = 800 wm, bar for e’ = 400 um. (f) Section adjacent to section e immunobistochemically stained for
neurofilament. Note decrease in neurofilament staining in region of microgyria (asterisk) and in medial dysgenetic area
(arrows). () section showing region of microgyria (asterisk) with cell free region (arrowbeads). There is a region of less
severe microdysgenesis medially which is not as evident with Nissl stains (arrows). (e’) Higher power magnification of
microgyria. Bar for e = 800 um, bar for e’ = 400 um. (f) Section adjacent to section e immunobistochemically stained for
neurofilament. Note decrease in neurofilament staining in region of microgyria (asterisk) and in medial dysgenetic area
(arrows). () Higher power photomicrograph of microgyric region (asterisk). Note preservation of neurofilament-
immunoreactive fibers on medial portion of microgyrus (arrow). Bar for f = 800 um, bar for f’ = 400 um. (g) Tracings from left
bemisphere of a rat sacrificed at P21 following single 10-s freezing lesion to cortical plate at PO. Gray region denotes area of
microdysgenesis. Asterisk denotes section photomicrographbed in accompanying panels. Bar = 1 mm. (b) Nissl-stained section
showing region of microgyria (asterisk). (b’) Higher power magnification of microgyria. Bar for b = 800 um, bar for b’ =

400 um. (i) Section adjacent to section b immunobistochemically stained for neurofilament. Note decrease in neurofilament
staining in region of microgyria (arrows). (i’). Higher power photomicrograph of microgyric region (asterisk). Bar fori =

800 um, bar fori’ = 400 um. (j) Tracings from left bemisphere of a rat sacrificed at P21 following a single 20-s freezing lesionto
cortical plate at PO. Gray region denotes area of microdysgenesis. Asterisk denotes section photomicrographed in
accompanying panels. Bar = 1 mm. (k) Nissl-stained section showing malformation (asterisk). (k’) Higher power
magnification of malformation. Note two microsulci (arrowbeads) forming a microgyrus. Arrows denote cell-free regions
(layer iii). Bar for k = 800 wm, bar for k’ = 400 um. (1) Section caudal to section b immunobistochemically stained for
neurofilament. Note decrease in neurofilament staining in region of malformation (asterisk). (I’) Higher power
photomicrograph of malformation (asterisk). Bar for [ = 800 um, bar for I’ = 400 um.
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hours. The tissue was rinsed twice in PBS, twice in 50 mM Tris
buffer (pH 7.6), and developed using 0.05% diaminobenzi-
dine and 0.005% hydrogen peroxide diluted in Tris. After
rinsing with Tris, sections were mounted on chrome-alum
coated slides, dehydrated, counterstained with Methyl
green/Alcian blue, and coverslipped with Permount.

ANALYSIS
All sections were analyzed under light microscopy and the
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extent and distribution of cortical malformation noted and
documented with photomicroscopy.

Results

ACUTE DAMAGE

Previous research had demonstrated that a distinct, focal
region of necrosis underlying the freezing probe appeared
24 hours after a single 5-s freezing injury at P1 (Rosen et al.
1992a). In the current experiment, variable amounts of

Figure 3: (a) Tracings from left hemispbere of a rat
sacrificed at P21 after two 2-s freezing lesions to
cortical plate at P1. Grey region denotes area of
malformation. Asterisks denote sections
photomicrographed at right. Malformation in
rostral section consisted of minor neocortical
dysplasia with a cell-free region (arrowbeads).
Caudal section showed deflection of molecular
layer (straight arrow) as well as a cell free region
(concave arrows). (b) Tracings from left
bemisphere of a rat sacrificed at P21 after two 5-s
freezing lesions to cortical plate at P1. Grey region
denotes area of malformation. Asterisks denote
sections photomicrographed at right.
Malformation resembled microgyria along its
entire rostral caudal extent. Depth of microsulcus
was increased in comparison to a single 5-s lesion,
extending in this case to white matter
(arrowbead). Arrow denotes ectopic neurons in
rostral portion of malformation. (c¢) Tracings from
left bemisphere of a rat sacrificed at P21 after a
two 10-s freezing lesions to cortical plate at P1.
Grey region denotes area of malformation.
Asterisks denote sections photomicrographed at
right. Malformation in rostral section is a large
microgyria, microsulcus of which extended
through cortex and impinged on underlying white
matter (arrowbeads). Caudal section showed a
deep microsulcus that effectively split medial and
lateral portions of malformation in bhalf (arrow).
(d) Tracings from left hemisphere of a rat
sacrificed at P21 after two 20-s freezing lesions to
cortical plate at P1. Grey region denotes area of
malformation. Asterisks denote sections
photomicrographed at right. Malformation in
rostral section consisted of severe microgyria
while caudal sections showed evidence of a
porencephbalic cyst (arrows). In this section, there
is an isthmus of tissue connecting medial and
lateral portion of malformation (arrowbead). In
other sections, there is a complete opening of
ventricle through to the pial surface. Bars for all
line drawings = 2 mm, bars for all
photomicrographs = 800 wm.



cortical necrosis were apparent at P2 that were directly pro-
portional to the length of exposure to the freezing probe.
Thus, a single 2-s freezing injury resulted in disturbance to
the superficial portion of the cortical plate but led to little or
no damage to the deeper portions (Fig. 1a). As the duration
of the freezing injury increased, the extent of the necrotic
area expanded in all dimensions centrifugally from the area
of probe placement: rostro-caudal, medio-lateral, and
superficial-deep (Fig. 1). For injury durations of greater
than 2 s, the entire cortical plate was destroyed. In the case
of the 20-s freezing injury, evidence of necrosis down
through the subplate and the white matter was noted.

SINGLE INJURY GROUPS
Brains were examined at either P21 or at P60. There were

Figure 4: (a) Photomicrograph showing distortion of
bippocampus associated with cortical malformation in a
P60 rat. In this case, animals were subjected to two 20s
freezing lesions to left bemisphere and developed
porencephalic cyst in more caudal sections. Arrow denotes
microgyria-like malformation and arrowbeads bighlight
absence of cells in the CA2, CA3 region of the bippocampus.
Bar = 800 um. (b) Photomicrograph showing degeneration
of medial geniculate nucleus (MGN) associated with a
cortical malformation. As with panel a, this animal was
subjected to two 20-s freezing lesions at P1 to left
bemisphere and developed a porencephalic cyst.
Arrowhbeads denote normal MGN in unaffected right
bemisphere. Arrow points to region where MGN should
appear in left hemisphere but is either absent entirely or
too disorganized to classify. Bar = 800 um.

no differences in the appearance of lesions at those two
ages, therefore their data were pooled. Cortical malforma-
tions were noted in all experimental groups and in none of
the shams. For clarity, each of the eight injury groups are
reported separately below.

Two seconds (n=4)

Animals receiving a single 2-s injury had the least severe form
of cortical malformation. Typically, these were characterized
by regions of microdysgenesis extending a relatively small
distance into the cortex (Fig. 2a). These microdysgenetic
areas showed occasional buckling of the molecular layer, but
there was rarely evidence of a fused molecular layer such as
that seen in typical microgyria (Fig. 2b). In those cases where
microgyria were seen, the depth of the microsulcus extend-
ed only to layer IV. Molecular layer ectopias were occasional-
ly noted at the rostral and caudal tips of the malformation,
and there were also cell free regions in throughout the dys-

Figure 5: (a) Photomicrograph showing ectopic collections
of neurons in molecular layer of a P21 rat subjected to two
20-s freezing lesions on P1 (arrowheads). Bar = 400 um. (b)
Higher power photomicrograph of molecular layer ectopias
seen in panel a (arrowbeads). Bar = 100 um. (c)
Photomicrograph from a more caudal section from same
animal in panels a and b showing molecular layer ectopia
(arrowhbead) in conjunction with a microgyrus (asterisk).
Bar = 200 um. (d) Photomicrograph showing
porencephalic cyst (asterisk) in association with
microgyria (arrowhbead) in a P21 rat subjected to a two 20s
freezing lesions on P1. This is a different animal than seen
in panels a to c. Bar = 800 um.
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genetic cortex. Neurofilament-stained sections showed
some drop-off in immunoreactivity where the small buckling
appeared (Fig. 2¢).

Five seconds (n=5)

In our previous work, all microgyria were induced by a single
5-s freezing injury, and the results of the animals in the pre-
sent experiment closely resembled the previously reported
findings. Specifically, the most common type of malforma-
tion was a microgyrus characterized by the infolding of
superficial cortical layers to form a microsulcus with
opposed, fused pial surfaces, which varied in depth from 50
to 80% of the thickness of the neocortex. The predominant
orientation of the microsulcus was in the rostral-caudal
plane. The molecular layer lined the microsulcus in its
entirety, although its thickness varied. Layers II and III were
invariably preserved, wholly or in part, and swept deep
toward the region of neuronal loss, paralleling the course of
the microsulcus (Fig. 2d, e). Effectively, therefore, this freez-
ing injury recreated the common microgyric four-layer cor-
tex comprising (i) an infolded molecular layer, (ii) a
superficial (infolded) neuronal layer (corresponding to ordi-
nary layers II, III but less layered), (iii) a neuron-free zone
containing the astroglial remnants of the injured cortical
plate, (iv) a deep neuronal layer (corresponding to ordinary
layer VIb). Molecular layer ectopias were occasionally pre-
sent in the periphery of the lesion.

Neurofilament immunoreactivity was absent from the
regions of microdysgenesis, as reported previously
(Humphreys et al. 1991). Relatively minor and vague dysge-
netic changes seen in Nissl stains were often quite easily

Figure 6: Schematic model illustrating one scenario for
cooccurrence of different types of malformations from
same lesion. In this example, a freezing probe is placed on
cortical surface of a developing rat. In center of probe,
coldest part (dark grey), cortical plate (CP), subplate (SP),
white matter (WM), and ventricular zone (VZ) are
damaged. Damage becomes progressively less severe as one
moves radially outward from center of probe so that at
periphery (light grey), only marginal zone (MZ) and upper
CP are damaged. In regions where only upper CP and MZ
are damaged, then ectopias are likely to form. When
damage extends into lower CP and SP (grey), then
microgyria-like malformations will be noted. When damage
extends into WM and VZ, then porencephalic cysts will result.
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delineated on neurofilament-stained sections (Fig. 2f).

Ten seconds (n=7)
Microgyria were the most common cortical malformation
seen after a single 10-s freezing injury. In contrast to 5-s
injuries, the microsulci had a greater depth (75 to 90% of the
cortical mantle), sometimes distorting the underlying white
matter. Occasionally, two microsulci would flank a small
gyrus (microgyrus). The rostro-caudal extent of the malfor-
mation was also greater after these longer durations (Fig. 2g,
h). At the periphery of the lesion, molecular layer ectopias
were also seen.

As with the 5-s injury, neurofilament-immunoreactivity
was absent in the regions of malformation (Fig. 2i).

Twenty seconds (n =4)
As expected, a single 20-s freezing injury resulted in a more
severe malformation than that seen after injuries of shorter
duration. Specifically, microsulci often extended entirely to
the white matter, thereby resulting in a malformation with-
out a visible layer iii sweeping underneath layer ii of the mal-
formation. As with the 10-s injury, a second microsulcus
often formed, thereby causing a microgyrus (Fig. 2j,k). As
with the previously described animals, molecular layer
ectopias were seen at the periphery of the malformation.

As with the 5-s and 10-s injury groups, neurofilament-
immunoreactivity was absent in the regions of microdysgen-
esis (Fig. 21).

DOUBLE INJURY GROUPS

In each experimental group, two freezing injuries to the
developing cortical plate led to more severe malformations
than their single injury counterparts. As with the single
injury groups, neurofilament-immunoreactive fibers were
mostly absent in the malformations. The results for each
injury group are summarized below.

Two seconds (n=3)

Two distinct regions of malformation were noted after two 2-s
freezing injuries. Each of these areas of malformation was
similar in appearance to those seen after single injury of a sim-
ilar duration, although somewhat more severe. Specifically,
these malformations were characterized mostly by laminar
dysplasias and molecular layer ectopias but regions of micro-
gyria were also noted. When present, these microgyric
regions were composed of microsulci that extended to 20 to
50% of the depth of the cortical mantle (Fig. 3a).

Five seconds (n=5)

All brains exposed to two 5-s freezing injuries had microgyr-
ia. There was a wide variability in the appearance of the mal-
formations, however. In two cases, two distinct microgyria
were seen in the rostral and caudal portions of the brain,
each one similar in appearance to a microgyrus after a single
injury. In each of the remaining three brains, there were only
single malformations that were most likely the result of a fus-
ing of the rostral and caudal lesions, as the rostrocaudal
extent of the anomaly was much greater than that seen after a
single 5s injury. Furthermore, the severity of the malforma-
tion after two freezing injuries was greater than that seen
after a single injury, as evidenced by the depth of the micro-
sulcus, which reached the white matter (Fig. 3b).



Ten seconds (n=2)

In both cases, the malformations after two 10's injuries were
very severe, consisting mostly of microgyria with very deep
microsulci. In one case, the two lesions fused into one mal-
formation that ran almost the entire rostrocaudal extent of
the hemisphere. In this case, the malformation impinged on
the white matter below, clearly deflecting, and perhaps
impeding, the passage of fibers. There was, in addition, local
ventricular enlargement noted in the caudal portions of the
malformation. In the second case, distinct rostral and caudal
malformations were seen. Both of these malformations had
deep microsulci and showed severe distortions of cortical
lamination (Fig. 3¢).

Twenty seconds (n=5)

Two freezing injuries of 20-s duration resulted in very severe
malformations. These malformations consisted of molecular
layer ectopias at the periphery of the malformation, micro-
gyria, and (in three cases) porencephalic cysts. In all cases
there was fusion of the rostral and caudal lesions and the
malformation generally extended for most of the rostrocau-
dal extent of the neocortex (Fig. 3d). Local ventricular dilata-
tion was seen in all subjects, and hippocampal degeneration
and thalamic degeneration (especially the MGN) was noted
in four of the subjects (Fig. 4).

Discussion

These results demonstrate that a single type of injury deliv-
ered to the cortical plate during late neuronal migration can
induce a wide variety of cortical malformations — ranging
from molecular layer ectopias, through cortical dysplasias,
through microgyria, to porencephalic cysts — depending
upon the severity of the injury. Thus, molecular layer
ectopias and minor cortical dysplasias were associated with a
single 2-s freezing injury. As the duration of freezing injury
increased, additional types of malformations (mostly micro-
gyria) were seen. The most severe injury, two 20 s exposures,
resulted in porencephalic cysts. It is important to note that
the more severe malformations were often seen in conjunc-
tion with the more minor malformations. For example, mol-
ecular layer ectopias were seen after injuries strong enough
to induce microgyria, as we and others have demonstrated
previously (Dvordk and Feit 1977, Humphreys et al. 1991,
Jacobs et al. 1996). Further, microgyria and molecular layer
ectopias were seen after the induction of porencephalic cysts
with two 20 s injuries (Fig. 5).

These findings raise a number of questions. What is the
mechanism of action of these freezing injuries so that they
cause these types of malformations? What changes to the
developing brain occur after injuries of varying severity that
would result in malformations of such disparate appearance?
How can different types of malformations appear in the same
brain?

MECHANISM OF ACTION OF FREEZING INJURIES

We have previously reported a breach in the external glial
limiting membrane (EGLM) associated with formation of
neocortical ectopias in immune-disordered mice (Sherman
et al. 1992). This breach in the EGLM can be seen as early as
E15 in the mouse and we have seen that neurons originally
destined to each of the cortical layers migrate through this
breach to take their position in the molecular layer. We have

also demonstrated that a puncture wound delivered to the
cortical plate acts to mechanically disrupt the EGLM and also
leads to the formation of molecular layer ectopias (Rosen et
al. 1992b). The importance of the EGLM to the formation of
these types of anomalies has been recognized by others as
well (Suzuki and Choi 1991, Marin-Padilla 1996). Marin-
Padilla studied 33 human cases, finding that subpial hemor-
rhagic injury resulted in the breakdown of the EGLM.
Further, in the course of the brain’s response to the injury,
molecular layer ectopias were formed. Periventricular hem-
orrhages occurring at the same gestational age, on the other
hand, did not result in molecular layer ectopias, but rather
caused the cessation of neuronal migration altogether
(Marin-Padilla 1996). Thus, similar injuries affecting differ-
ent regions of the developing brain can cause profoundly dif-
ferent malformations.

The mechanism for the formation of microgyria follow-
ing early freezing injury is not yet known, although clues
can be derived from the study of changes in the brain that
follow the injury (Suzuki and Choi 1991, Rosen et al. 1992a).
Neuronal necrosis can be observed as soon as 1% hours after
asingle 5-s freezing injury. At the same time, radial glial fibers
in the area begin to disappear and there are a few reactive
astrocytes in the area of the lesion. Interestingly, the pial sur-
face is intact. One day after the injury, total necrosis of the
cortical plate, sparing only layer VIb (or subplate) neurons is
apparent. Radial glial fibers have completely withdrawn from
the area of damage, but their cell bodies appear to be intact.
Excess numbers of macrophages appear in the damaged
area, and there is a dramatic increase in the number of reac-
tive astrocytes. Three days post injury, radial glial fibers
regrow through the region of intense astrogliosis, and neu-
rons normally destined for layer II-III of the cortex (Rosen et
al. 1996) begin to migrate through that area. There is a
marked increase in the number of macrophages present, and
the size of the area of tissue necrosis decreases. The emer-
gent form of microgyria can clearly be seen by day 5, starting
primarily at the periphery of the lesion. Radial glial fibers
continue their regrowth through the damaged area, and
some GFAP-positive fibers adopt the appearance of radial
glia. One week after the injury, there are large numbers of
radial glial-like fibers stained by GFAP in the malformation.
The microgyria gain their adult appearance by P15, at which
time radial glial fibers can still be seen in the area of damage,
although not elsewhere. These histologic changes indicate
that microgyria are the outcome of basic brain repair mecha-
nisms after a presumably hypoxic—ischemic injury occurring
during the end of the period of neuronal migration (Suzuki
and Choi 1991; Rosen et al. 1992a, 1995; Zilles et al. 1998).

With increased exposure of the cortical plate to the freez-
ing probe the extent of cortical necrosis increases (see Fig.
1). Thus, a 2-s freezing injury shows a cone of necrosis that
does not progress entirely through the cortical plate but
destroys the EGLM and some superficial neurons. The depth
of the necrosis increases proportionally with duration of the
insult such that two 20-s freezing injuries result not only in
the complete destruction of the cortical plate, the subplate
cells, but perhaps also the subjacent proliferative ventricular
zone as well. We hypothesize that the destruction of this pro-
liferative zone results in the cessation of neuronal and glial
migration to the portion of the cortical plate (Marin-Padilla
1996, discussed above). Thus deprived of neurons and glia,
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the injured cortex undergoes cystic necrosis and forms a
porencephalic cyst that connects to the ventricular space.
Alternatively, it could be that the zone of necrosis after two
20-s freezing injuries is so extensive that it blocks migration
of neurons and glia to the cortex. If it were a question of
mechanical blockage of migration, however, one would
expect these stymied neurons to accumulate elsewhere (pre-
sumably subcortically) and the resultant malformation
should more closely resemble periventricular neuronal het-
erotopia. We have seen no evidence of this type of malforma-
tion in our cases.

MULTIPLE MALFORMATIONS IN THE SAME BRAIN
There were a number of cases where microgyria were pre-
sent along with neocortical ectopias, and porencephalic
cysts were always seen in association with microgyria. The
hypothesized relation between severity of cortical necrosis
and the resultant malformations discussed above may also
explain the coexistence in some cases of two or more types
(Fig. 6). In cases where two or more types of malformation
occurred in the same brain, the less severe one always
appeared at the periphery of the lesion. We suggest that this
is because the greatest depth of tissue necrosis takes place in
that portion of the cortex directly underlying the freezing
probe. Areas surrounding the center were injured less
deeply, as identified by the cone-shaped area of necrosis after
afreezing injury (Rosen et al. 1992a).

Conclusion

The results of the current study support the notion that a
variety of cortical malformations can be caused by a single
etiologic event occurring at the same time during late neu-
ronal migration in the rat. What looks like dramatically differ-
ent malformations is simply the result of differences in the
severity of the injury. Thus, in the situation in which the dam-
age to the developing cortex is less severe, either because the
duration (short) or the location (periphery) of the freezing
lesion, molecular layer ectopias are seen. When the injury is
more severe because of proximity and/or duration, micro-
gyria and ectopias follow. With the most severe injury, poren-
cephaly, microgyria, and ectopias are seen. The mechanism
for the infolding, distortion, and rupture of the cortex is not
clear, but it appears to involve at least in part graded damage
to the cortical plate, migrating neurons and glia, and germi-
nal zones. Research on the chemical, mechanical, and molec-
ular events surrounding early damage to the cortical plate
will yield further insights into the creation of these malfor-
mations. It is hoped that insight gained from these and other
animal models of induced malformations (Innocenti and
Berbel 1991, Marret et al. 1995, Gressens et al. 1996) will
allow a better understanding of the pathogenesis of the wide
range of human developmental disorders that are associated
with disorders of late neuronal migration, such as those
mentioned in the introduction. Specifically, the understand-
ing of the biology underlying the formation of these types of
developmental malformations may be useful for the preven-
tion, diagnosis, and management of certain learning disabili-
ties and epilepsies of childhood.
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