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Human cortical heterotopia and neuronal migration disorders
result in epilepsy; however, the precise mechanisms remain
elusive. Here we demonstrate severe neuronal dysplasia and
heterotopia throughout the granule cell and pyramidal cell lay-
ers of mice containing a heterozygous deletion of Lis1, a mouse
model of human 17p13.3-linked lissencephaly. Birth-dating
analysis using bromodeoxyuridine revealed that neurons in
Lis11/2 murine hippocampus are born at the appropriate time
but fail in migration to form a defined cell layer. Heterotopic
pyramidal neurons in Lis11/2 mice were stunted and pos-
sessed fewer dendritic branches, whereas dentate granule cells
were hypertrophic and formed spiny basilar dendrites from
which the principal axon emerged. Both somatostatin- and
parvalbumin-containing inhibitory neurons were heterotopic
and displaced into both stratum radiatum and stratum
lacunosum-moleculare. Mechanisms of synaptic transmission

were severely disrupted, revealing hyperexcitability at Schaffer
collateral–CA1 synapses and depression of mossy fiber–CA3
transmission. In addition, the dynamic range of frequency-
dependent facilitation of Lis11/2 mossy fiber transmission was
less than that of wild type. Consequently, Lis11/2 hippocampi
are prone to interictal electrographic seizure activity in an ele-
vated [K1]o model of epilepsy. In Lis11/2 hippocampus, in-
tense interictal bursting was observed on elevation of extracel-
lular potassium to 6.5 mM, a condition that resulted in only
minimal bursting in wild type. These anatomical and physiolog-
ical hippocampal defects may provide a neuronal basis for
seizures associated with lissencephaly.
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A number of genetic mutations that disrupt normal development
of the human cerebral cortex have been described (for review, see
Walsh, 1999). Classical or Type I lissencephaly defines a sub-
group of human neuronal migration disorders characterized by
generalized agyria/pachygyria, four abnormal cortical layers, en-
larged ventricles, generalized neuronal heterotopias, and corpus
callosum defects (Barkovich et al., 1991; Dobyns and Truwit
1995). In the United States, ;1 in 40,000 infants is born annually
with Type I lissencephaly, including isolated lissencephaly se-
quence (ILS) and Miller-Dieker syndrome (MDS). These infants
present with severe cognitive and motor impairments and often
die from seizures early in life. The defective gene, PAFAH1B1
also known as LIS1, was identified from patient samples with

informative deletions of 17p13.3 (Reiner et al., 1993) and con-
firmed when dominant point mutations and a hemizygous intra-
genic deletion of the LIS1 gene were found in ILS patients (Lo
Nigro et al., 1997). The LIS1 gene (Reiner et al., 1993) encodes a
brain-specific, 45 kDa noncatalytic subunit of platelet-activating
factor acetylhydrolase-1b (PAFAH1b) (Hattori et al., 1994), an
enzyme that inactivates PAF.

Seizures are universal in humans with Type I lissencephaly
(Dobyns et al., 1993). Precisely how a deficiency of LIS1 protein
disrupts normal brain development and precipitates seizures is
unknown. The anatomical defects seen in Type I lissencephaly
and the developmental pattern of LIS1 protein expression are
consistent with an important role in neuronal migration (Reiner
et al., 1995; Albrecht et al., 1996). The demonstration that PAF
collapses neuronal growth cones (Clark et al., 1995) and reduces
neuronal migration in vitro (Bix and Clark 1998) suggests that
PAF may play a role in CNS development. PAFAH1b has strong
evolutionary conservation, and in nonmammalian organisms
(e.g., Aspergillus nidulans) its ortholog, nudF, is required for
nucleus translocation along elongated processes (Morris et al.,
1998a). In the mammalian brain, PAFAH1b1 interacts with ele-
ments of the microtubule network (Morris et al., 1998b; Sapir et
al., 1997), strengthening the connection between LIS1 protein
and neuronal migration. Experimental support for abnormal neu-
ronal migration in lissencephaly has come from mice with a
hemizygous deletion of the Lis1 gene. Lis11/2 mice possess
similar developmental brain abnormalities observed in ILS and
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MDS as well as reduced cell migration both in vivo and in vitro,
and they display lethal tonic–clonic seizures (Hirotsune et al.,
1998).

Although the anatomical disruptions of the cerebral cortex in
ILS and MDS are profound and have been well studied, much
less is known about the hippocampus. Dilatation of the posterior
horns of the lateral ventricles is common in Type I lissencephaly
(Pilz and Quarrell, 1996) suggesting incomplete development of
adjacent structures, including the hippocampus. However, no
detailed anatomical data exist on the hippocampus in Type I
lissencephaly. In addition, the functional consequences of abnor-
mal or incomplete migration that might account for cognitive
impairments or seizure generation have not been examined at the
cellular or synaptic level. This report describes the hippocampal
disorganization in a mouse model of human Type I lissencephaly
and may provide a basis for epilepsy related to neuronal migra-
tion defects.

MATERIALS AND METHODS
Lis1 mutant mice
The mutant Lis1 allele designated Lis1 ex6neo-8 (or Lis1-neo) was gener-
ated by gene targeting, as previously described (Hirotsune et al., 1998).
All animal experiments were performed under protocols approved by the
National Human Genome Research Institute and National Institute of
Child Health and Human Development Animal Care and Use Commit-
tees and followed the National Institutes of Health Guidelines Using
Animals in Intramural Research.

Histology, immunohistochemistry, Golgi analysis, and
bromodeoxyuridine birth dating
Immunohistochemistry. Adult mice were deeply anesthetized with isoflu-
orane (Ohmeda, Liberty Corner, NJ) and transcardially fixed with 0.9%
NaCl and 4% paraformaldehyde. Hippocampal sections (50 mm) were
prepared on a freezing microtome. Slices were incubated for 3 hr at room
temperature with anti-calretinin (1:500, Chemicon, Temecula, CA), anti-
human somatostatin (1:100, Dako, Glostrup, Denmark), or monoclonal
anti-parvalbumin (PV) (1:1000, Sigma, St. Louis, MO). Polyclonal anti-
calbindin (CB) D-28K (1:400, Chemicon) was incubated at 4°C for 48 hr.
For calretinin and calbindin immunohistochemistry, sections were incu-
bated overnight at 4°C with biotinylated goat anti-rabbit IgG (1:200,
Vector Laboratories, Burlingame, CA); for parvalbumin immunohisto-
chemistry, biotinylated goat anti-mouse IgG (1:200, Sigma) was used. For
somatostatin, unconjugated goat anti-rabbit IgG (1:200, Vector) at 4°C
was used followed by a 1 hr incubation with rabbit peroxidase anti-
peroxidase (1:100, Sigma). All proteins were visualized using diamino-
benzidine. Immunostained sections were then Nissl-counterstained (see
below) to reveal the location of the heterotopic cells of interest in
relation to the multiple pyramidal cell layers.

Histology. For Nissl staining, 1% cresyl violet acetate was applied to
sections for 1 min, rinsed with dH2O, followed by differentiation in 70%
ethanol /2% glacial acetic acid. Stained sections were dehydrated in
ethanol and coverslipped.

Golgi analysis. Blocks of coronally cut 10% formalin-fixed mouse brain
encompassing the hippocampus were stained with the rapid Golgi
method as detailed elsewhere (Valverde, 1976). For the Golgi study,
seven wild-type controls and four Lis11/2 mice were used. Briefly, the
blocks were impregnated using osmium tetroxide plus potassium dichro-
mate followed by immersion in silver nitrate. After dehydration, the
blocks were embedded in nitrocellulose, and coronal sections were cut at
120 mm. For dendritic analysis of CA1 pyramidal neurons, camera lucida
drawings of the basilar tree were prepared. The extent and distribution
of dendritic branching of the CA1 neurons was evaluated by Sholl
analysis. Statistical significance was evaluated using a repeated measures
ANOVA with a Bonferroni post hoc test. The total dendritic length for
the basilar tree of each CA1 neuron was calculated by tracing camera
lucida drawings with a planimeter. Statistical analysis was performed by
ANOVA followed by the Tukey post hoc test.

Bromodeoxyuridine birth dating. Pregnant dams were injected at em-
bryonic day (E) 11, 13, 14, 15, and 17, and pups were killed at postnatal
day (P) 30. Hippocampi were sectioned (50 mm). DNA was denatured by
a 60 min incubation in 2N HCl. Slices were blocked for 60 min using

unconjugated anti-mouse IgG (1:10, Sigma), then incubated with anti-
bromodeoxyuridine (BrdU) IgG (1:20 –1:100, Becton Dickinson). Bi-
otinylated goat anti-mouse (1:100, Sigma) was used as a secondary
antibody. BrdU expression was visualized using ABC (Vector) and
diaminobenzidine.

Hippocampal electrophysiology
Transverse hippocampal slices (350–400 mm) were obtained from
P28–60 mice as described previously (Maccaferri and McBain, 1995).
Mice were anesthetized by volatile inhalation of isofluorane and decap-
itated. Hippocampal slices were prepared in standard ice-cold artificial
CSF (ACSF) (see below) containing 0.5 mM CaCl2 and 10 mM MgSO4.
For recording, slices were bathed in ACSF containing (in mM): 130
NaCl, 24 NaHCO3, 3.5 KCl, 1.25 NaH2PO4, 2.5 CaCl2, 1.25 MgSO4, 10
glucose, 95% O2/5% CO2, pH 7.3. For current-clamp recordings, elec-
trodes contained (in mM): 130 K-gluconate, 10 NaCl, 10 HEPES, 0.2
EGTA, 1 MgCl2, pH 7.2, and 0.5% biocytin. For voltage-clamp experi-
ments, electrodes contained (in mM): 80 CsCl, 50 CsF, 10 HEPES, 10
EGTA, 1 QX-314, 1 MgCl2, 0.5 CaCl2, and 0.5% biocytin.

Extracellular recordings were made using low-resistance patch pi-
pettes filled with gassed extracellular solution. Stimulating electrodes
(Frederick Haer and Co., Bowdoinham, ME, stainless steel) were posi-
tioned in the appropriate cell layer using infrared-DIC optics, and brief
constant current pulses (50–100 msec) were used to evoke field EPSPs
(fEPSPs). Mossy fiber synaptic events were distinguished from associa-
tional/commissural inputs to CA3 by the use of Group 2 metabotropic
glutamate receptor agonists (mGluRs): (2S,29R,39R)-2-(29,39-dicarboxycy-
clopropyl)glycine (DCG-IV) 100 nM or (1S,3R)-1-aminocyclopentane-1,3-
dicarboxylic acid (ACPD) 1 mM. In all experiments involving mossy fiber
transmission, the DCG-IV (or ACPD)-sensitive record was subtracted out
of the total trace to allow analysis of mossy fiber synaptic activity in
isolation.

In the “High [K 1]o” model of epilepsy, [K 1]o was sequentially elevated
from 3.5 to 6.5, 8.5, and 10.5 mM. Extracellular recordings of spontane-
ous and evoked interictal bursts were acquired using Clampfit or Axo-
scope (Axon Instruments). Burst intensity was estimated as described
previously (Korn et al., 1987). Briefly, the entire length of the burst
waveform was measured, and an identical burst-free segment was sub-
tracted. The resulting digital value termed the “coastline bursting index”
(CBI) is correlated with the intensity of the underlying activity and
expressed in arbitrary units. Twenty spontaneous events per condition
were analyzed, and the results were averaged.

RESULTS
Hippocampal histopathology
We have shown previously that mice with a hemizygous deletion
of the Lis1 gene possess developmental brain abnormalities asso-
ciated with the cortex, olfactory bulb, and hippocampus (Hirot-
sune et al., 1998). In the present study we now focus on the
hippocampal formation to determine the nature and extent of
these structural abnormalities and how they impact hippocampal
synaptic function, and we use a combination of anatomical and
electrophysiological techniques.

The principal cell layers (i.e., CA subfields and granule cell
layer) of the Lis11/2 mouse hippocampus are severely disorga-
nized. Figure 1 illustrates cresyl violet-stained sections of adult
wild-type and Lis11/2 hippocampus. Pyramidal cell somata in
both CA1 and CA3 are heterotopic and loosely packed, and they
often formed multiple distinct cell layers with many cells dis-
placed throughout stratum oriens to the alvear surface (Fig. 1).
These heterotopic bands appear to radiate throughout the entire
subfield and are interspersed with single cells (presumably inhib-
itory interneurons) between adjacent bands of principal cells.
Disruption of the dentate gyrus granule cell layer was less severe.
Although granule cells usually were not heterotopic, they were
“loosely” packed into a cell layer, but clusters of granule cells
were often observed deep within the hilar layer, blurring the
granule cell–hilar border. In Figure 1B3, only the upper blade of
the granule cell layer was dispersed, whereas the lower blade was
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more “normal.” In general, either blade of the granule cell layer
could show disruption, and the abnormalities associated with Lis1
deficiency were not restricted to the upper or lower blade of the
dentate gyrus. The hippocampi of several hundred Lis11/2 mice
have now been analyzed, and although the severity of the heter-
otopia was quite variable, the pattern of disruption and hetero-
topia described above is stereotypical of these animals.

BrdU birth dating reveals a normal pattern of
neurogenesis but incomplete neuronal migration
Developmental processes within the hippocampus follow patterns
similar to development of the neocortex, with the exception of the
long-lasting neurogenesis of the dentate gyrus granule cells and
their “outside-in” gradient of positioning (Cowan et al., 1980).
Hippocampal principal cells migrate along the radial glia and are
positioned in the hippocampal plate following an “inside-out”
gradient. By E14–15 principal neurons are sandwiched between
populations of GABAergic neurons in the subplate and the inner
marginal zone, which are destined to become the stratum oriens
and stratum radiatum, respectively (Soriano et al., 1994). Thus
each plexiform layer of the developing hippocampus is populated
by a characteristic neuronal population, the distribution of which
does not overlap.

By using bromodeoxyuridine (BrdU) labeling, we determined

whether cellular malformation of the Lis11/2 hippocampus re-
sulted from abnormal neurogenesis at a particular developmental
time point. Pregnant dams were injected with BrdU on E11, 13,
14, 15, and 17 to label actively dividing cells, and the distribution
of BrdU-positive cells was examined at P14–30 in Lis11/2 mice
and wild-type littermates (Fig. 2). At E11 only a small number of
BrdU cells were observed. At this time point, however, a signif-
icantly higher number of BrdU-positive cells were observed in
Lis11/2 CA1 stratum pyramidale than were wild type, perhaps
indicating early neurogenesis in these animals (Table 1). Most
cells in the CA1–CA3 subfields are born between E13 and E14 in
both the wild-type and the Lis11/2 mouse. The distribution of
E13 BrdU-labeled cells was similar in both wild-type and
Lis11/2 animals; cells were observed throughout all subfields.
Furthermore, similar numbers of BrdU-positive cells were gener-
ated in both wild type and Lis11/2 (Table 1). E14 BrdU-labeled
neurons were most numerous in the tightly packed stratum pyra-
midale in wild type; however, most BrdU-positive cells in the
Lis11/2 hippocampus were observed throughout the entire CA
subfield from the stratum oriens-alveus to the stratum lacunosum-
moleculare. We were particularly struck by the observation that
BrdU-labeled cells were observed throughout all of the hetero-
topic bands of pyramidal cells in the CA1 subfield and were not

Figure 1. Heterotopia of the Lis11/2
hippocampus. Nissl-stained sections of
adult Lis11/2 mouse hippocampus re-
veal the cellular disorganization and
heterotopia of the principal cell layers.
A1, The normal wild-type hippocampus
(53) is characterized by tightly packed
CA1 and CA3 pyramidal (A2, 253) and
granule cell layers (DG) (A3, 253), typ-
ically only a few cells thick. In contrast,
severe pyramidal neuron heterotopia ex-
ists in the Lis11/2 hippocampus (B1–
B3, 53). In CA1, the pyramidal cell
layer is loosely packed, with cells form-
ing distinct, multiple layers that radiate
from the stratum oriens/alveus into the
stratum radiatum (B2, 253). In the den-
tate gyrus, the granule cell layer is sim-
ilarly disorganized into a diffuse band.
The upper blade of the dentate gyrus
granule cells is more diffusely packed
than the lower blade. The loose organi-
zation of the granule cell layer obscures
the hilar–dentate gyrus border (B3,
253). st o-a, Stratum oriens-alveus; st.
rad, stratum radiatum; st. pyr, stratum
pyramidale. Scale bars: A1, B1, 250 mm;
A2, A3, B2, B3, 66 mm.
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restricted to a particular band at a particular developmental time
point. This suggests that many of the cells within these discreet
bands of stratum pyramidale are generated at a similar time
point; however, these clusters of cells fail in migration to consol-

idate into a single cell layer. A significantly lower number of E14
BrdU-labeled cells were observed in the extra pyramidal cell
layers (i.e., stratum radiatum, oriens-alveus, and lacunosum-
moleculare). It is unclear whether this reflects a true reduction in

Table 1. Developmental expression pattern of BrdU-positive cells in wild-type and Lis11/2 mice

E111/1
(n 5 5)

E111/2
(n 5 7)

E131/1
(n 5 7)

E131/2
(n 5 7)

E141/1
(n 5 5)

E141/2
(n 5 6)

E151/1
(n 5 10)

E151/2
(n 5 10)

E171/1
(n 5 10)

E171/2
(n 5 8)

CA1
Stratum pyramidale 9.6 6 3.5 22.7 6 4.2* 127.7 6 13.1 114.0 6 4.3 144.4 6 4.4 135.7 6 11.9 43.4 6 1.2 34.9 6 3.8* 5.6 6 1.1 7.5 6 1.8
Extra pyramidalea 39.2 6 4.1 48.4 6 7.9 116.4 6 10.4 115.0 6 6.1 105.2 6 3.5 76.0 6 8.1* 19.8 6 1.2 18.8 6 1.4 20.7 6 4.4 19.5 6 4.8

CA3
Stratum pyramidale 12.6 6 3.8 14.4 6 2.4 70.3 6 5.8 58.0 6 4.3 117.2 6 5.8 123.4 6 7.9 38.4 6 2.2 29.3 6 2.3* 3.9 6 0.6 4.0 6 0.5
Extra pyramidale 16.8 6 2.7 25.4 6 3.0 80.3 6 6.4 73.0 6 11.4 70.2 6 7.5 60.0 6 3.9 12.8 6 1.1 18.4 6 1.3 6.1 6 1.1 8.9 6 1.4

Dentate gyrus 52.8 6 15.4 59.5 6 3.2 122.3 6 9.7 108.0 6 12.5 129.8 6 3.9 124.2 6 11.2 39.1 6 1.6 33.4 6 2.5 76.4 6 4.8 71.1 6 6.4

Pregnant dams were injected at E11, 13, 14, 15, and 17, and pups were killed at P30.
aExtra pyramidale is defined as the stratum radiatum, stratum oriens-alveus, and in the case of CA1 the stratum lacunosum-moleculare.
*Indicates statistical significance compared with age-matched wild-type at the p , 0.05 level (Student’s unpaired t test).

Figure 2. BrdU birth dating reveals appropri-
ate neurogenesis. BrdU birth dating was used
to determine whether neurons are born at the
appropriate point in development in the
Lis11/2 hippocampus. In tissue sections (P30)
from animals injected with BrdU at embryonic
day 11 (E11), BrdU labeled relatively few cells
located primarily at the hippocampal fissure,
the hilus, the molecular layer, and the subicu-
lum in wild-type animals. A similar pattern of
BrdU labeling was observed in the Lis11/2
hippocampus. By E13, BrdU-labeled neurons
were distributed widely throughout all hip-
pocampal subfields. In wild type, BrdU-labeled
neurons were primarily observed in both the
dentate gyrus–hilus, and in stratum pyramidale,
stratum oriens, stratum radiatum, and subicu-
lum. In Lis11/2 hippocampus, BrdU-labeled
cells were widely distributed throughout all
subfields from the stratum oriens–stratum ra-
diatum. High numbers of BrdU-labeled cells
were also observed in the granule cell layer and
hilus. In E14 injected animals, most wild-type
BrdU-labeled cells were observed in a tight,
well defined band analogous to the principal
cell layers of the dentate gyrus and pyramidal
cell layer. In the Lis11/2 animal, although
similar numbers of neurons were BrdU-labeled
(Table 1), neurons had failed to fully complete
migration and were diffusely scattered through-
out the CA1 subfield and the dentate gyrus. In
addition, large numbers of BrdU-labeled cells
were observed in the fimbria–fornix areas. By
E17, BrdU labeling declined in the CA sub-
fields and was highest within the dentate gyrus
cell layer of both wild-type and Lis11/2 hip-
pocampus. st. or, Stratum oriens-alveus; st. rad,
stratum radiatum; st. pyr, stratum pyramidale;
sub, subiculum; hf, hippocampal fissure.
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cell numbers or the difficulty in counting cells when multiple
bands of interlaced principal cells are present throughout all CA1
subfields. By E15 and E17, BrdU labeling was markedly reduced
in both CA1 and CA3 subfields but remained high in the granule
cell layer of the dentate gyrus (Table 1). A significantly lower
number of E15 BrdU-positive cells were observed in both
Lis11/2 CA1 and CA3 stratum pyramidale (Table 1).

Although cells in both wild-type and Lis11/2 hippocampus are
generated in nearly identical numbers (with few exceptions) at
similar embryonic time points (Table 1), it is worthwhile noting
that the scattered distribution of cells in the adult Lis11/2
hippocampus does not allow us to determine whether heterotopic
cells represent principal cell types or reflect an altered neurogen-
esis of inhibitory interneuron types. However, these data further
demonstrate that the characteristic organization of the embryonic
and early postnatal murine hippocampus is severely disrupted.
This presumably results not from significant changes in the num-
bers of neurons being generated but an altered migration of both
principal and inhibitory interneurons. Similar data were observed
in three independent experiments.

Golgi analysis of hippocampal neuron anatomy
CA1 pyramidal neurons
We next examined pyramidal cell anatomy in brains of adult
Lis11/2 mice and wild-type littermates after Golgi impregnation
(Fig. 3). To evaluate anatomical differences, we compared the
basilar dendritic arbor of CA1 pyramids in (1) control wild-type
cells, (2) cells that had migrated to a location equivalent to
stratum pyramidale, and (3) heterotopic pyramidal cells “strand-
ed” in stratum oriens or stratum radiatum in the Lis11/2 hip-
pocampus. We chose to study the basilar dendritic tree because it

was representative of morphological changes across the entire
dendritic tree (i.e., both apical and basilar dendrites were simi-
larly affected). The dendritic arbors of neurons from both wild-
type and Lis11/2 cells located within stratum pyramidale were
not significantly different. In contrast, the dendritic arbor of
heterotopic pyramidal cells was significantly smaller compared
with both cell types (Fig. 3). Sholl analysis revealed that hetero-
topic pyramidal neurons made significantly fewer dendritic inter-
sections per shell ( p , 0.001) than pyramidal neurons. Similarly,
the total dendritic length of heterotopic CA1 pyramidal cells was
considerably reduced (949 6 99 mm, p , 0.001, n 5 12 cell from
four animals) compared with both control (1629 6 79 mm, n 5 20
cells from four animals) and regular CA1 pyramidal neurons
(1564 6 114 mm, n 5 35, from seven animals). The total number
of branch points was also significantly reduced (;40% of control)
in heterotopic pyramidal neurons compared with wild-type con-
trols; mean number of branch points was 6.8 versus 16.8 per
neuron, respectively. Of interest, the dendritic spine density was
not different among the three groups; control wild type 5 1.61 6
0.03 spines per micrometer (n 5 35), Lis11/2 stratum pyrami-
dale neurons 5 1.63 6 0.04 (n 5 20), Lis11/2 ectopic pyramidal
cells 5 1.45 6 0.09 (n 5 12). These data reveal that neurons,
within the presumed stratum pyramidale, are anatomically similar
to wild type; however, heterotopic cells stranded within stratum
oriens or stratum radiatum possess dendrites that are stunted and
make fewer branches.

Dentate gyrus granule cells
Granule cells of adult mice lack basal dendrites (Seress and
Mrzljak 1987; Spigelman et al., 1998), although they are tran-
siently expressed during postnatal development. A recent study

Figure 3. The basal dendrites of CA1
pyramidal neurons in the Lis11/2 hip-
pocampus are stunted and possess few
branches. A, Camera lucida drawings of
six representative Golgi-stained CA1 py-
ramidal neuron basal dendrites from wild-
type and Lis11/2 hippocampus. Two
groups of CA1 pyramids were analyzed in
the Lis11/2 hippocampus: those cells lo-
cated in a cell layer most likely represent-
ing the stratum pyramidale (Regular) and
those cells stranded in migration in the
stratum oriens (Heterotopic). Note that
heterotopic pyramidal neurons possess a
significantly less elaborate dendritic arbor
than both wild-type and regularly posi-
tioned Lis11/2 CA1 pyramids. B, Sholl
analysis reveals that the basal dendrites of
regular Lis11/2 (n 5 20 pyramids) and
wild-type (n 5 35) CA1 pyramids are sim-
ilar. In contrast, the dendrites of hetero-
topic Lis11/2 neurons (n 5 12) make
significantly fewer intersections per shell
and have a significantly reduced total den-
dritic length (C).
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has demonstrated, however, that basal dendrites are a prominent
feature of granule cells in rats with epilepsy induced by high-
frequency stimulation of the perforant path, a model of temporal
lobe epilepsy (Spigelman et al., 1998). Spiny basilar dendrites
have also been described in dentate granule cells from adult
epileptic human tissue (Franck et al., 1995). We next analyzed the
anatomy of Golgi-stained dentate gyrus granule cells. Similar to
pyramidal neurons, granule cells that migrated to a presumed cell
layer were indistinguishable from wild-type granule cells. Strik-
ing abnormalities were observed, however, in heterotopic granule
cells located in both the molecular layer and the subgranular
region of the hilus (Fig. 4). Heterotopic Lis11/2 dentate granule
cells were hypertrophic and possessed a high incidence of spiny
basilar dendrites from which emerged the mossy fiber axon. The
diameters of granule cell somata were not different among the
three cell groups (wild-type, normally positioned, and heterotopic
granule cells); however, the somata of heterotopic granule cells
were extremely spiny (Fig. 4). Further analysis of the presence of
spiny basilar dendrites in wild-type and heterotopic Lis11/2
granule cells demonstrated that 17% of wild-type granule cells
(80 of 468 cells analyzed from 10 animals) possessed more than

three spines (but fewer than eight) on their somata, but none
possessed basal dendrites. In contrast, 83% of heterotopic
Lis11/2 granule cells (86 of 103 cells analyzed from four ani-
mals) possessed both spiny (.10 spines) somata and basilar
dendrites.

Heterotopia of parvalbumin- and
somatostatin-containing interneurons
The profound cellular disorganization in both human lissenceph-
aly and Lis11/2 mouse clearly involves large numbers of pyra-
midal neurons. To determine whether local circuit inhibitory
interneurons are similarly affected, we examined the distribution
of immunohistochemically defined subpopulations of interneu-
rons in the hippocampus of Lis11/2 mice and littermate controls
(Fig. 5).

In the wild-type hippocampus, the somata of PV-containing
interneurons are predominantly located near or within the stra-
tum pyramidale and stratum oriens (Fig. 5A1,A2). Their axons
are restricted to stratum pyramidale where they form symmetrical
synapses on the somata, proximal dendrites, and axon initial
segments of pyramidal neurons (Freund and Buzsaki, 1996). In

Figure 4. Hypertrophy of dentate gyrus granule
cells and a decreased dynamic range of mossy fiber
synaptic transmission in Lis11/2. A, Representative
camera lucida drawings of Golgi-impregnated den-
tate gyrus granule cells from wild type (lef t) and
Lis11/2 (right). Wild-type granule cells possess
spiny apical dendrites, lack spines on their soma, and
have an axon that emerges from the basal pole of the
soma. In contrast, heterotopic Lis11/2 granule cells
located in the subgranular region have spiny basal
dendrites (indicated by arrows) that give rise to the
axon. Note that both the somata and basal dendrites
are extremely spiny in both cases. The inset shows
digital image of spiny soma and basal dendrites of
the lef t Lis11/2 granule cell. Scale bars for main
panels and inset: 15 mm. B, C, The dynamic range of
frequency facilitation is reduced in Lis11/2 mossy
fiber–CA3 synapses. B, Amplitude of mossy fiber
fEPSPs evoked at various stimulation frequencies
before and after induction of LTP in wild type (lef t)
and Lis11/2 (right). Mossy fiber synapses were stim-
ulated at a frequency of 0.0125 Hz. Arrows indicate
changes in the stimulation frequency (0.025, 0.05,
0.1, 0.2, and 0.33 Hz). Marked facilitation was ob-
served at frequencies as low as 0.05 Hz. After induc-
tion of LTP (4 3 100 Hz, 1 sec, 0.03 Hz), the
stimulus intensity was decreased to avoid possible
nonlinearities during frequency facilitation (Salin et
al., 1996). Data are normalized to fEPSPs obtained
at 0.025 Hz. Right trace shows the identical experi-
ment performed at mossy fiber synapses in Lis11/2;
arrows are not shown in right trace for clarity. C,
Summary graph from eight representative experi-
ments in both wild type and Lis11/2 shows the
range of frequency facilitation before and after LTP
induction normalized to 0.025 Hz. The dynamic
range of frequency facilitation is significantly less in
Lis11/2 animals before the induction of LTP ( p ,
0.001, two-tailed Student’s t test). After LTP the
degree of facilitation is reduced both in wild type
and in Lis11/2 at frequencies above 0.05 Hz. After
LTP the degree of facilitation was similar in both
Lis11/2 and wild type ( p 5 0.1, two-tailed paired
Student’s t test).
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Lis11/2 mice, the distribution of PV-immunoreactive interneu-
rons paralleled the disruption of stratum pyramidale, although
the cells themselves were anatomically similar to wild type. It is
worthwhile noting that although the somata of PV cells were
typically associated with heterotopic pyramidal neurons (Fig.
5B1,B2), they were also often observed within stratum radiatum.

Somatostatin-positive interneurons (SOM) account for ;15%
of GABAergic cells in the murine hippocampus (Freund and
Buzsaki, 1996). In the CA1 subfield they are normally confined
to the stratum oriens-alveus (Fig. 5C1,C2) and are activated in
a feedback manner by the axons of CA1 pyramidal neurons
(Maccaferri and McBain, 1995). The distribution of SOM-
immunoreactive interneurons in Lis11/2 mice resembled that of

wild type with one notable exception; SOM-positive interneurons
were frequently observed in CA1 stratum radiatum of Lis11/2
hippocampus, subjacent to the innermost pyramidal neurons or
between the blades of the heterotopic pyramidal cell layers (Fig.
5D1,D2). Such cells were never observed in wild-type hippocam-
pus. In contrast, the distribution of CB and calretinin-containing
interneurons was normal in Lis11/2 mice (data not shown).

Synaptic connectivity, physiology, and plasticity
Given the abnormal cellular organization of the hippocampus, we
next considered whether synaptic connections were correctly es-
tablished. Using in vitro hippocampal slices, we performed a
laminar analysis of field EPSPs (fEPSPs). A stimulating electrode

Figure 5. Heterotopic somatostatin- and
parvalbumin-containing interneurons in the
Lis11/2 hippocampus. Immunohistochem-
ical techniques were used to determine the
expression pattern of markers specific for
inhibitory interneuron populations. A1, A2,
In wild-type hippocampus, parvalbumin
(PV ) is found in interneurons whose somata
are located primarily in the stratum pyrami-
dale and stratum oriens. A2 illustrates a
higher magnification of the boxed region in
A1. The somatodendritic profile of these
cells is generally perpendicular to the prin-
cipal cell layer. The axons of PV interneu-
rons are largely confined to stratum pyrami-
dale and form a dense plexus around the
somata of pyramidal cells. B1, B2, The dis-
tribution of PV-containing interneurons in
Lis11/2 sections closely resembled those
found in wild type. Somas maintained their
associations with the stratum oriens and
stratum pyramidale layers, whereas their ax-
onal processes remained in stratum pyrami-
dale. Consequently, PV-containing inter-
neurons appeared in multiple bands caused
by the disorganization of the Lis11/2 stra-
tum pyramidale. B2 illustrates the boxed re-
g ion in B1 at a higher magnification. Note
that PV-positive cell bodies are found in
both heterotopic principal cell layers. All
immunostained sections have been Nissl-
counterstained to allow visualization of
the inhibitory interneurons relative to the
heterotopic principal cell layers. C1, C2,
In wild-type hippocampus, somatostatin
(SOM )-containing interneurons were pre-
dominantly found in CA1 stratum oriens-
alveus. The CA3 subfield contains a
broader distribution of SOM interneurons
with somas found in stratum pyramidale,
stratum lucidum, and stratum radiatum.
The hilar region of the dentate gyrus also
contained numerous SOM-positive inter-
neurons. C2, Higher magnification of the
boxed region indicated that C1 shows typical
somatostatin-containing cells of the CA1
stratum oriens. These cells typically possess
horizontally oriented somata and dendrites.
D1, D2, In the CA1 subfield of the Lis11/2
hippocampus (53, 253), numerous SOM-
containing interneurons were observed not
only in the stratum oriens but were dis-
persed throughout the clusters of CA1 pyr-

amids and deep within the stratum radiatum areas (the boxed region in D1 is shown at high magnification in D2). In this particular hippocampus, the
pyramidal neurons are loosely packed as revealed by the Nissl counterstain. The asterisks indicate where the CA1 pyramidal cell layer divides into two
heterotopic principal layers. Note that somatostatin cells (indicated by the solid arrows) are found in the region between the two principal cell layers as
well as in the stratum radiatum proper. The hilus and CA3 distribution of SOM interneurons remained normal in Lis11/2 murine brains. Scale bars:
A1, 325 mm; A2, 125 mm; B1, 365 mm; B2, 135 mm; C1, 315 mm; C2, 125 mm; D1, 300 mm; D2, 100 mm.
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was placed at a fixed position within the stratum radiatum of CA1,
and an extracellular electrode was moved sequentially from stra-
tum oriens to stratum lacunosum-moleculare of CA1. In the
control hippocampus, stimulation of the Schaffer collateral /com-
missural fibers evoked positive-going EPSPs in stratum oriens
(Fig. 6A). A negative inflection was superimposed on the EPSP
when the recording electrode was positioned within stratum py-
ramidale, which corresponds to the synchronous firing of the
pyramidal cell population. A negative potential was generated in
stratum radiatum corresponding to the current sink of the apical
dendrites of active CA1 pyramidal neurons. As expected from the
disruption of the pyramidal cell layer into multiple layers, the
laminar profile of Lis11/2 hippocampus was severely disrupted.
In all slices tested, synchronous population spikes were observed
throughout all regions of the CA1 subfield. The population spike
was typically combined with a negative potential representing the
fEPSP, which could be recorded in isolation further toward the
inferior stratum radiatum where few pyramidal cell bodies were
observed. This field potential reversed polarity only when mea-

surements were made at the stratum oriens-alveus border (Fig.
6A, top trace). This indicates that both inferior and superior
pyramidal cells are functionally innervated and capable of con-
tributing to information flow through the hippocampal circuit.

To determine whether synaptic transmission was abnormal in
the Lis11/2 hippocampus, we analyzed the input–output (I-O)
curves of both the Schaffer collateral evoked fEPSP and the field
population spike (fPS) (Fig. 6B). I-O curves were normalized to
the maximal stimulus intensity and the maximal field response to
allow a comparison between slices, and between wild type versus
Lis11/2. Both the fEPSP and the fPS I-O curves in Lis11/2 (n 5
10) were shifted to the left compared with wild-type controls (n 5
9). At a stimulus intensity that activated 50% of the maximal fPS
and fEPSP in wild type, the same stimulus evoked 68 6 4% and
62 6 3% in Lis11/2, respectively, demonstrating an enhanced
excitability in the Lis11/2 CA1 pyramidal cell layer ( p 5 0.01,
Student’s t test). The maximal fEPSP and fPS evoked in Lis11/2
CA1 pyramidal cell layer was not significantly different from wild
type; mean maximal fEPSP 5 1.65 6 0.28 mV (n 5 10) compared

Figure 6. Disruption of Schaffer collateral
synaptic transmission in the CA1 hippocam-
pus. A, Laminar analysis of Schaffer collateral
evoked fEPSPs reveals multiple current sinks
in the Lis11/2 hippocampus. A stimulating
electrode was placed at a fixed position within
the stratum radiatum of both wild-type and
Lis11/2 hippocampi. The recording electrode
was positioned sequentially in stratum radia-
tum, stratum pyramidale, and the alveus. In
wild-type hippocampus, stimulation of the
Schaffer collateral /commissural inputs evoked
a negative-going fEPSP in the stratum radia-
tum (3), which is generated as an active cur-
rent sink of the apical dendrites of the CA1
pyramids. As the recording electrode was
moved into stratum pyramidale ( 2), a single
negative-going population spike superimposed
on a positive-going fEPSP was observed. In
the alveus (1), a positive-going fEPSP was
observed, which represents the source currents
of the active pyramids. In contrast, laminar
field analysis of the Lis11/2 hippocampus re-
vealed multiple active current sinks through-
out all layers of the CA1 subfield. Despite the
presence of two distinct pyramidal cell layers,
fEPSPs were always negative going, reflecting
that synaptic inputs occur over a broadened
pyramidal dendritic field. Scale bars: lef t panel,
43 mm; right panel, 55 mm. B, Averaged input–
output curves of Schaffer collateral /commis-
sural evoked fEPSP (measured as the slope of
the initial fEPSP) and fPS amplitude were
generated for both wild-type (n 5 9) and
Lis11/2 (n 5 10) slices. Data were normal-
ized to both the maximal evoked fEPSP (or
fPS) and the stimulus intensity range in each
experiment to permit comparison between the
two groups. In the Lis11/2 hippocampus,
both the fEPSP and fPS input–output curves
were shifted to the left of the control wild-type
hippocampus, indicating an increased excit-
ability and lower threshold for synaptic trans-
mission in the knockout. C, Schaffer collater-
al /commissural evoked fEPSPs (recorded in
stratum radiatum) revealed that the degree of
paired-pulse facilitation at all stimulus inter-
vals was similar between wild-type (n 5 6) and
Lis11/2 hippocampus (n 5 10).
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with 1.50 6 0.32 mV (n 5 9) in control, mean maximal fPS 5 6.34
6 0.89 mV (n 5 10) compared with 5.64 6 0.86 mV (n 5 9) in
control. In contrast, fEPSP I-O curves from associational /com-
missural inputs (n 5 7) or mossy fibers (n 5 7) onto Lis11/2 CA3
pyramidal neurons were not different from wild type (n 5 6) (data
not shown).

We next examined short- and long-term mechanisms of plas-
ticity of excitatory synapses onto both CA1 and CA3 pyramidal
neurons.

Schaffer collateral–CA1 synapses
Paired-pulse facilitation was not different between Lis11/2 and
wild-type hippocampus (Fig. 6C). Potentiation of the fEPSP slope
peaked at an interval of ;50 msec with a maximal enhancement
of 52.9 6 5.8 and 45.9 6 13.5% (n 5 6) in Lis11/2 and wild-type
hippocampus, respectively. Similarly, post-tetanic potentiation
and long-term potentiation (LTP) (three trains of 100 Hz 3 1 sec
duration) at Schaffer collateral–CA1 synapses were normal in
Lis11/2 hippocampus. LTP was stable for at least 30 min after
induction and averaged 133.7 6 4.1% (n 5 10) for Lis11/2 versus
135.4 6 6.3% (n 5 6) for wild type (data not shown).

Using whole-cell current- and voltage-clamp recordings, CA1
pyramidal neurons had resting membrane potentials of 250.4 6
1.5 mV and input resistances of 140 6 13 MV, values similar to
those of wild-type neurons. Threshold for action potential gen-
eration was 239.3 6 2.4 mV, and action potentials were them-
selves not unusual, with 10–90% rise time of 0.8 6 0.1 msec and
half-widths of 2.1 6 0.28 msec (n 5 8).

Mossy fiber–CA3 synapses
We next determined whether the granule cell hypertrophy in the
Lis11/2 mouse altered transmission at mossy fiber synapses.
Using extracellular field recordings, we studied frequency-
dependent facilitation at mossy fiber synapses, which in striking
contrast to associational /commissural synapses onto CA3 pyra-
midal neurons exhibit temporal integration even at very low
stimulation frequencies (Salin et al., 1996). Figure 4B,C shows
experiments in which the stimulus frequency was increased in a
series of steps from 0.025 to 0.33 Hz. At wild-type mossy fiber
synapses, facilitation occurred at frequencies as low as 0.05 Hz
and reached a magnitude of more than sixfold (642.1 6 92.1%,
n 5 8) at 0.33 Hz, similar to previous reports (Salin et al., 1996).
Consistent with previous reports, the magnitude of facilitation
was markedly reduced by the induction of LTP (4 3 100 Hz, 0.03
Hz, in the presence of 50 mM DL-APV), which acts to increase the
probability of transmitter release. At 0.33 Hz the maximal facil-
itation was now 48% of control (312 6 34.6%, n 5 8). Identical
experiments in Lis11/2 revealed that mossy fiber–CA3 synapses
possessed a significantly smaller degree of facilitation at all fre-
quencies tested compared with wild type: the maximal facilitation
at 0.33 Hz was 400.3 6 43.0 (n 5 8, p , 0.001, two tailed Student’s
t test). After LTP induction, the dynamic range of frequency
facilitation was reduced further; the maximal facilitation mea-
sured at 0.33 Hz was 59% (237 6 23.5%, n 5 8) of that seen
during the control period. Of interest, the degree of maximal
facilitation (measured at 0.33 Hz) observed in both wild type and
Lis11/2 after induction of LTP was not significantly different
(312 6 34.6 in control versus 237 6 23.5 in Lis11/2, p 5 0.1). The
magnitude of LTP (30 min after induction) observed at both
wild-type and Lis11/2 mossy fiber synapses was not significantly
different (298 6 51% in wild type, n 5 8 vs 276 6 32% in
Lis11/2, n 5 8,). Taken together these data demonstrate that

mossy fiber synapses in the Lis11/2 are less excitable than wild
type. Moreover, under control conditions the dynamic range of
facilitation in the Lis11/2 is less than wild type, attributable in
part to a difference in the initial release probability of the
Lis11/2 mossy fiber synapses.

The Lis11/2 hippocampus is predisposed to
electrographic activity in the elevated [K1]o model
of epilepsy.
Seizures are practically universal in humans with Type I lissen-
cephaly (Dobyns et al., 1993). Lethal tonic–clonic seizures were
observed in several Lis1 mutant mice (of all ages) but to date have
not been studied in any detail (Hirotsune et al., 1998); however,
spontaneous epileptiform activity was not observed in the extra-
cellular field potential recorded from the in vitro hippocampus.
Because neurotransmission at both mossy fiber and Schaffer col-
lateral synapses was altered, we wanted to determine whether the
Lis11/2 hippocampus was susceptible to electrographic seizure
activity.

Extracellular field potentials were recorded from hippocampal
CA1 stratum pyramidale exposed to modest elevations of [K1]o,
the so-called High K1 model of epilepsy, a model for status
epilepticus (McBain et al., 1993). In general, both wild-type and
Lis11/2 slices did not display spontaneous interictal bursts until
[K1]o was elevated to 6.5 mM (Fig. 7). Intense, spontaneous
interictal bursts were observed in all Lis11/2 slices on exposure
to 6.5 mM [K1]o (n 5 14) (Fig. 7A,B). In contrast, only ;75% of
wild-type slices reached bursting threshold in 6.5 mM [K1]o (n 5
13); however, these bursts were usually composed of only three to
five spike trains, in contrast to the hypersynchronous events
recorded under similar conditions in the Lis11/2 slices. These
data are consistent with the enhanced excitability of Schaffer col-
lateral–CA1 synapses observed in the input–output experiments.

To compare interictal burst intensity in different [K1]o, we
used the method of coastline bursting index (Korn et al., 1987) to
quantify the electrographic waveform. CBI is sensitive to changes
in the number or amplitude of population spikes, and it increases
when neuronal synchrony, firing frequency or duration, or the
number of participating neurons increases. In wild-type slices
(n 5 13), interictal bursts were most intense in 8.5 mM [K1]o. The
relative CBIs were 286 6 103, 544 6 178, and 263 6 177 in 6.5,
8.5, and 10.5 mM [K1]o, respectively (Fig. 7B). In contrast, inter-
ictal bursting in the Lis11/2 hippocampus (n 5 14) was most
intense at 6.5 mM [K1]o and had a CBI approximately fourfold
greater than wild type (mean 863 1 80, p , 0.0001, Student’s
unpaired t test). In Lis11/2 slices, burst intensity waned on
exposure to 8.5 and 10.5 mM [K1]o (mean CBI 5 319 6 120 and
88 6 36, respectively). It is worthwhile mentioning that the
maximal interictal burst intensity in wild-type slices was always
significantly less than the maximal burst intensity observed in
Lis11/2 slices at 6.5 mM [K1]o.

In 6.5 mM [K1]o, interictal burst frequency was similar in both
wild-type and Lis11/2 slices (0.15 6 0.03, n 5 13 and 0.16 6 0.03
Hz, n 5 14, respectively). In contrast, in 8.5 mM [K1]o, burst
frequency more than doubled in the Lis11/2 slices (0.35 6 0.05
Hz), whereas the frequency of bursts in wild type remained
unchanged (0.18 6 0.07 Hz). In experiments in which we re-
corded simultaneously from two heterotopic bands of CA1 pyra-
midal neurons, interictal bursts were synchronous in the extracel-
lular recording from both cell layers, suggesting that despite
belonging to distinct cell layers both sets of cells are paced by an
identical mechanism (data not shown).

Fleck et al. • Abnormalities in Lis1-Deficient Hippocampus J. Neurosci., April 1, 2000, 20(7):2439–2450 2447



DISCUSSION
ILS and MDS result from haplo-insufficiency at chromosome
17p13.3, and recent evidence has determined that mutation or
deletion of the LIS1 gene within band 17p13.3 is responsible for
lissencephaly. The conservation of linkage between the human
17p13.3 and the mouse 11B2 gene has permitted the generation of
an animal model for the study of human lissencephaly (Hirotsune
et al., 1998; Walsh 1998, 1999). Although incomplete develop-
ment of the hippocampal formation has been reported in Type I
lissencephaly (Pilz and Quarrell 1996), the anatomical malforma-
tions of the hippocampus associated with ILS or MDS have not
been previously described in detail. In the present study, the
Lis11/2 mouse hippocampus displayed malformation and neu-

ronal heterotopia across all principal cell layers. Dysplasia and
generalized neuronal heterotopias are common features of ILS
brains and are presumed to contribute to the severe mental
retardation and seizure disorders commonly associated with clas-
sical lissencephaly. In addition, we show that hippocampal mal-
formations within the Lis11/2 mutant are associated with per-
turbations in excitatory synaptic transmission and a lowered
threshold for intense interictal burst firing.

A number of cortical abnormalities have been associated with
human epileptogenesis. These include (but are not restricted to)
abnormal dendritic branching (Belichenko et al., 1994), altered
synaptic transmission (Avoli and Williamson, 1996), loss or com-
promise of inhibitory interneuron function (Ferrer et al., 1992),
and perturbed receptor subunit expression (Ying et al., 1998a,b).
Several of these abnormalities may be responsible for the en-
hanced excitability observed in the Lis11/2 hippocampus.

Golgi analysis of pyramidal cell dendritic arbor revealed that
heterotopic CA1 pyramidal neurons possessed less elaborate
basal dendritic trees with fewer branch points than wild type.
These findings provide an epigenetic link between migration and
development, because the amount of branching was correlated
with the extent of the heterotopia. In addition, abnormalities of
dendritic morphology are common in cortical neurons of human
partial epilepsy (Belichenko et al., 1994), and neuronal modeling
studies have demonstrated that alteration of dendritic morphol-
ogy can significantly affect neuronal firing patterns (Mainen and
Sejnowski 1996). Furthermore, mossy fiber sprouting and reorga-
nization in the dentate gyrus are common features of many
models of temporal lobe epilepsy. Neuroplastic changes of gran-
ule cell dendrites, although less characterized, have been de-
scribed after tetanic stimulation of the perforant path projection,
a model of temporal lobe epilepsy (Spigelman et al., 1998). The
presence of basilar dendrites extending into the subgranular
region suggests that these heterotopic granule cells may be
postsynaptic targets for mossy fiber axons. Interestingly, mossy
fiber transmission was not hyperexcitable as seen in the CA1
subfield, but possessed a lower dynamic range of frequency facil-
itation. Because inhibitory interneurons of the CA3 subfield are
the primary targets of mossy fiber synaptic transmission (Acsády
et al., 1998), it is possible that the narrow range of facilitation of
mossy fiber transmission impacts the degree of recruitment of
feedforward inhibition to the CA3 subfield, consequently result-
ing in an enhancement of hippocampal excitability.

Although Schaffer collateral excitatory synaptic inputs onto
heterotopic CA1 pyramidal neurons were functional, analysis of
the input–output properties of the fPS and fEPSP revealed en-
hanced excitability of the Lis11/2 CA1 subfield without a change
in the maximal fEPSP or fPS amplitude. Whether this reflects an
alteration in the inhibitory–excitatory “balance” within the hip-
pocampus attributable to alterations in inhibitory interneuron
innervation or alternatively to an alteration of receptor subunit
expression remains to be determined. Whole-cell patch-clamp
recordings from individual Lis11/2 CA1 pyramidal neurons re-
vealed no change in neuronal resting membrane potential, input
resistance, or threshold for action potential generation. This
enhancement of synaptic transmission presumably contributes to
the lowered threshold and intense epileptogenesis observed in the
Lis11/2 mouse. How does an absence of LIS1 protein alter
synaptic function? In addition to its role in neuronal migration,
PAF also regulates synaptic transmission and has been identified
as a retrograde transmitter in various forms of LTP (Kato et al.,
1994; Kato and Zorumski 1996). Increased concentrations of

Figure 7. The Lis11/2 hippocampus is predisposed to interictal burst
firing. Extracellular recording electrodes were positioned within the stra-
tum pyramidale to monitor the threshold and intensity of spontaneous
interictal bursts in response to elevation of [K 1]o. A shows two represen-
tative experiments from wild-type and Lis11/2 hippocampal slices. In
wild-type hippocampus, interictal bursts were initiated in 75% of slices
exposed to 6.5 mM [K 1]o (n 5 13) (A, B). Bursts in 6.5 mM [K 1]o were
generally small and consisted of small clusters of spikes of low intensity.
In wild type, the most intense, robust bursts were observed in 8.5 mM
[K 1]o. At 10.5 mM [K 1]o , spontaneous interictal activity decreased in
intensity, and clusters of spikes became disorganized (A, B). In contrast,
interictal burst firing was observed in all Lis11/2 exposed to 6.5 mM
[K 1]o, and was most intense compared with all other [K 1]o (A, B). Burst
intensity decreased on further elevation of Lis11/2 slices to 8.5 and 10.5
mM [K 1]o. B, Histograms to show the mean coastline bursting index
(Mean CBI ) for both wild-type and Lis11/2 interictal bursting in all
[K 1]o conditions. Interictal bursting in Lis11/2 slices was significantly
more intense at 6.5 mM [K 1]o than wild type ( p , 0.0001).
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PAF have also been shown to result in massive glutamate exocy-
tosis (Bazan and Allan, 1996), reducing the readily releasable
pool of transmitter, which may account for the lower degree of
synaptic facilitation observed at mossy fiber synapses. Taken
together, it is possible that the alterations of synaptic transmission
seen in the present experiments are a secondary consequence of
the reduction of LIS1 protein, Pafah1b1, which presumably will
impact PAF metabolism. The role of PAF regulation of synaptic
activity is presumably independent from its role in development
and migration.

Numerous animal models of epilepsy have been generated by
compromise of various aspects of GABAergic inhibitory neuro-
transmission. Although we did not detect a loss of any specific
inhibitory interneuron population, both somatostatin- and
parvalbumin-containing interneurons were ectopically placed in
the CA1 stratum radiatum. Both interneuron types represent
distinct populations of GABAergic cells involved in the regula-
tion of neuronal excitability and the generation of intrinsic oscil-
lations (Freund and Buzsaki, 1996). The axons of PV interneu-
rons were observed to form “baskets” around heterotopic
pyramidal cell somata, suggesting that these cells correctly inner-
vated their targets despite marked heterotopia of the principal
cell layer. Neurogenesis of nonpyramidal, GABAergic interneu-
rons that lie within the pyramidal layer (presumably parvalbumin-
positive cells) occurs within the hippocampal plate and simulta-
neously with principal neurons (Seress and Ribak 1988; Soriano
et al., 1989) and may explain the “accuracy” of the axon targeting.
The axons of SOM interneurons usually project to the CA1
stratum lacunosum-moleculare (McBain et al., 1994) to regulate
the temporoammonic input from the entorhinal cortex (Maccaf-
erri and McBain, 1995). Whether SOM interneurons in the
Lis11/2 hippocampus correctly innervate their targets and reg-
ulate the temporoammonic input is a subject for future study.
Although both calbindin and calretinin interneurons were present
and appeared to be positioned within the appropriate layers of
the hippocampus, their characteristic diffuse position within the
hippocampus did not permit an accurate assessment of whether
these cells are positioned correctly. Future analysis of all inhibi-
tory interneurons’ axon targets will be required to determine
whether inhibitory interneurons correctly innervate their targets.

A causal link between cortical and hippocampal malformations
and epilepsy is well established (Chavassus-au-Louis et al., 1999).
The recently renewed interest in “neuronal migration disorders”
has arisen from the availability of a number of animal models
(Chavassus-au-Louis et al., 1999; Walsh 1999). Such models cur-
rently include spontaneous murine mutants (e.g., telencephalic
internal structural heterotopia, reeler), gestational teratogenic ex-
posure, exposure to the DNA alkylating agent, methyla-
zoxymethanol, or x-irradiation. Unlike these models, in this study
we have investigated a mouse model of a human genetic neuronal
migration disorder. How good a model for ILS is the Lis11/2
animal? The Lis11/2 mice display migration defects in the
hippocampus, cortex, and cerebellum (Hirotsune et al., 1998), all
areas affected in ILS patients. In addition, behavioral testing has
demonstrated motor and cognitive impairments in Lis11/2 mice
(R. Paylor, S. Hirotsune, M. Gambello, J. Crawley, and A.
Wynshaw-Boris, unpublished observations) that are consistent
with ILS. Although Lis11/2 hippocampal slices did not show
spontaneous electrographic activity in vitro, the present study has
highlighted numerous anatomical defects consistent with a pre-
disposition to electrographic activity. Moreover, in a model for
status epilepticus, a severe form of epilepsy common in lissen-

cephaly, we demonstrate that Lis11/2 mice have a reduced
threshold for interictal activity and more intense interictal bursts
than seen at any [K1]o in wild-type mice (Fig. 7C). Future
experiments are targeted toward determining the precise mech-
anisms leading to epileptiform activity and how antiepileptic
drugs impact the epileptiform activity recorded in the Lis11/2
hippocampus. Finally, simultaneous recordings from distally lo-
cated bands of heterotopic CA1 pyramidal neurons in slices
exposed to elevated [K1]o revealed that epileptiform activity
occurred synchronously. This suggests that heterotopic regions
are functionally linked to the hippocampal network and support
synchronous hyperexcitability presumably driven by common af-
ferents from the CA3 subfield. Taken together these data would
suggest that the Lis11/2 animal provides an extremely powerful
model for Type 1 lissencephaly.

In conclusion, we provide a new model for Type 1
lissencephaly-related epilepsy. A 50% reduction in LIS1 protein
disrupts the normal migration of pyramidal neurons, dentate
granule cells, and interneurons in the hippocampus. This migra-
tional defect is associated with both anatomical disorganization
and morphological abnormalities, including sparse dendritic
branching in pyramidal cells and granule cell hypertrophy. De-
spite this disorganization, some pathways appear to find their
appropriate targets, whereas others do not. The cumulative result
of these abnormalities is a hyperexcitable hippocampus. At the
moment, we cannot rule out the possibility that cortical migra-
tional defects also contribute to the human seizure phenotype.
This will be tested in the future using the conditional Lis1 mutant
(Hirotsune et al., 1998) mated to transgenic mice that express Cre
exclusively either in the developing cortex or hippocampus. The
present data, however, would suggest that more attention should
be paid to the hippocampal formation in the various human
neuronal migration disorders (Walsh et al., 1998) as a possible
focus for seizure related activity. How a reduction of Lis1 protein
results in such disruption of hippocampal anatomy and function is
at present unclear, but the present experiments provide a detailed
description of the hippocampal Lis11/2 phenotype in which to
study more closely the nature of the LIS1 protein.
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