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Human cortical malformations often result in severe forms of
epilepsy. Although the morphological properties of cells within
these malformations are well characterized, very little is known
about the function of these cells. In rats, prenatal methyla-
zoxymethanol (MAM) exposure produces distinct nodules of
disorganized pyramidal-like neurons (e.g., nodular heterotopia)
and loss of lamination in cortical and hippocampal structures.
Hippocampal nodular heterotopias are prone to hyperexcitabil-
ity and may contribute to the increased seizure susceptibility
observed in these animals. Here we demonstrate that hetero-
topic pyramidal neurons in the hippocampus fail to express a
potassium channel subunit corresponding to the fast, transient
A-type current. In situ hybridization and immunohistochemical
analysis revealed markedly reduced expression of Kv4.2 (A-
type) channel subunits in heterotopic cell regions of the hip-

pocampus of MAM-exposed rats. Patch-clamp recordings
from visualized heterotopic neurons indicated a lack of fast,
transient (IA)-type potassium current and hyperexcitable firing.
A-type currents were observed on normotopic pyramidal neu-
rons in MAM-exposed rats and on interneurons, CA1 pyramidal
neurons, and cortical layer V–VI pyramidal neurons in saline-
treated control rats. Changes in A-current were not associated
with an alteration in the function or expression of delayed,
rectifier (Kv2.1) potassium channels on heterotopic cells. We
conclude that heterotopic neurons lack functional A-type Kv4.2
potassium channels and that this abnormality could contribute
to the increased excitability and decreased seizure thresholds
associated with brain malformations in MAM-exposed rats.
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Cortical malformations are often associated with human devel-
opmental delay, schizophrenia, and severe forms of epilepsy
(Scheibel and Conrad, 1993; Aicardi, 1994; Dubeau et al., 1995;
Palmini, 2000). Because malformations are characterized by neu-
rons that differentiate in abnormal positions, they are believed to
result from a developmental neuronal migration disorder. With
improvements in neuroimaging technology, disorders of brain
development are now identified with increasing frequency in
epileptic patients (Kuzniecky, 1994; Mischel et al., 1995; Chan et
al., 1998). For example, cortical malformations are detected in
nearly 20% of all patients, and the incidence of these malforma-
tions rises to �40% in patients who have undergone surgery for
medically refractory seizures (Duchowny et al., 1992; Annegers,
1994; Brannstrom et al., 1996). Malformation-associated epilepsy
syndromes in humans include, but are not limited to, clusters of
disorganized cells (nodular heterotopia) in type II lissencephaly,
loss of sulci in Miller-Dieker lissencephaly, and abnormal neuro-
nal orientation with loss of lamination in Taylor-type cortical
dysplasia (Whiting and Duchowny, 1999; Andermann, 2000).

Epileptic seizures associated with these malformations are often
severe and resistant to anticonvulsant drugs. Although clinical
studies suggest that malformed brain regions are sites of seizure
generation and surgical removal of abnormally organized tissue
can result in the cessation of seizures (Palmini et al., 1991a,b,
1995; Aicardi, 1994), very little is known about the molecular and
electrophysiological properties of neurons within a cortical mal-
formation (Yurkewicz et al., 1984).

In rodents, prenatal injection of methylazoxymethanol
(MAM), a DNA methylating agent, induces a characteristic pat-
tern of disorganization in the cerebral cortex and hippocampus,
with loss of lamination and distinct nodular heterotopia (Singh,
1977; Baraban and Schwartzkroin, 1995; Chevassus-au-Louis et
al., 1998a). Hippocampal nodular heterotopias in these animals
contain pyramidal-like neurons that receive excessive cat-
echolaminergic innervation, exhibit vascular abnormalities, and
display aberrant glutamate receptor expression (Johnston et al.,
1979; Bardosi et al., 1987; Rafiki et al., 1998). These anatomical
abnormalities are similar, in many respects, to those observed in
brain tissue obtained from children with malformation-associated
epilepsies (Trottier et al., 1994; Babb et al., 1998). Independent
efforts by Germano and colleagues (Germano et al., 1996; Ger-
mano and Sperber, 1997), Ben-Ari and colleagues (Chevassus-
au-Louis et al., 1998a), and our laboratory (Baraban and
Schwartzkroin, 1996) have revealed an increased propensity for
the development of seizure activity in MAM-exposed animals
using a wide variety of seizure induction protocols (e.g., hyper-
thermia, kindling, kainate, or flurothyl). The enhanced seizure
susceptibility of MAM rats may be related to hippocampal hy-
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perexcitability because in vitro studies demonstrated independent
seizure generation in isolated hippocampal nodular heterotopia
(Baraban et al., 2000). Although there is much evidence to
suggest that malformed brain regions in the MAM model con-
tribute to the generation of seizure activity, the specific cellular
and/or molecular mechanism(s) that could result in hyperexcit-
ability remain poorly understood.

Given that potassium channels play critical roles in modulating
neuronal excitability (Pongs, 1999) and mutations in K� channels
can result in epileptic phenotypes (Biervert et al., 1998; Singh et
al., 1998; Smart et al., 1998; Cooper and Jan, 1999; Zuberi et al.,
1999), we explored the possibility that heterotopic neurons might
exhibit K� channel abnormalities. Our approach used a combi-
nation of anatomical methods to determine patterns of K� chan-
nel expression, and patch-clamp techniques to study whole-cell
K� current function and firing activity for visualized heterotopic
neurons in hippocampal slices from MAM-exposed rats. We
report that heterotopic neurons, in the MAM model of cortical
malformations and epilepsy, exhibit markedly reduced expression
of a specific potassium channel subunit (Kv4.2), resulting in loss
of fast, transient (IA)-type voltage-activated K� current and hy-
perexcitable neuronal firing.

MATERIALS AND METHODS
Prenatal methylazoxymethanol injection. Pregnant Sprague Dawley rats
were injected with either 0.9% physiological saline or 25 mg/kg methy-
lazoxymethanol acetate (NCI Chemical Carcinogen, Kansas City, MO).
Intraperitoneal injections (0.3 ml, 15% DMSO) were made on day 15 of
gestation. All animal care and use conformed to the NIH Guide for Care
and Use of Laboratory Animals and were approved by the University of
California, San Francisco Committee on Animal Research.

In situ hybridization. For detection of ion channel transcripts, unique
antisense oligonucleotides were synthesized based on published gene
information. Sense and antisense digoxigenin-labeled RNA probes were
transcribed with T7 poylmerase, and the yields of both probes were
quantified using a spectrophotometer. For preparation of hippocampal
sections, rat brains were removed from animals perfused with chilled 4%
paraformaldehyde, cryoprotected (in 30% sucrose solution), frozen rap-
idly on dry ice, and cut into 14 �m sections. Sections were thaw-mounted
onto silanated glass slides and post-fixed in 4% paraformaldehyde (1 hr).
Tissue sections were then treated with 1 mg/ml proteinase K and 0.25%
acetic acid in 0.1 M triethanolamine, pH 8.0 (10 min). Sections were
prehybridized (2–4 hr) at 65°C in hybridization buffer (50% deionized
formamide, 5� SSC, 100 �g/ml heparin, 1� Denhardt’s solution, 0.1%
Tween 20, 0.1% CHAPS, 5 mM EDTA, and 300 mg/ml yeast tRNA, pH
7.4) and hybridized at 65°C (16–20 hr) in the same buffer with �1 ng/ml
riboprobe. Sections were then washed three times in high stringency 0.2�
SSC at 65°C. After washing at room temperature in PBT (1� PBS, 2
mg/ml BSA, 0.1% Triton X-100), sections were blocked in 20% lambs
serum in PBT (1 hr) and incubated with sheep anti-digoxigenin Fab
fragments conjugated with PBT in blocking solution (4 hr). Sections were
washed in PBT followed by alkaline phosphatase. The antibody-
conjugated alkaline phosphatase was visualized by reaction with
4-nitroblue tetrazolium chloride and 5-bromo-4-chloro 3-indolyl-
phosphate in the presence of Levamisole. The color reaction was stopped
with TE buffer (10 mM Tris-Cl, 1 mM EDTA, pH 8.0); tissue was fixed in
4% formaldehyde for 2 hr. Slides were coverslipped with Aquamount.

Immunohistochemistry. Tissue preparation, incubations, and immuno-
fluorescence microscopy were performed as described previously (Coo-
per et al., 1998). In brief, after perfusion with 4% freshly prepared
paraformaldehyde, brains were dissected, post-fixed, and washed in PBS.
Floating sections (50 �m) were cut using a vibrating microtome (Leica).
Sections were permeabilized with 0.4% Triton X-100 in TBS (50 mM
Tris, 100 mM NaCl) for 30 min. All subsequent steps were performed
with TBS, 0.2% Triton X-100 (TBST), with additions as indicated.
Sections were blocked with 5% normal goat serum (NGS) in TBST for 1
hr, then primary antibodies were added directly to the sections in
blocking solution and incubated for 15–18 hr. After washing with TBST
for 90 min (five changes), sections were incubated with biotinylated goat
anti-rabbit IgG (Vector Labs, Burlingame, CA; 1:200) for 2 hr in

TBST/5% NGS. After washing, sections were incubated with
streptavadin-Cy2 (Molecular Probes, Eugene, OR; 1:500) in TBST/5%
NGS for 2 hr. Sections were washed as before, incubated with 1 �g/ml
propidium iodide in TBS, washed in TBS, and mounted in ProLong
(Molecular Probes). Sections were examined either using a Bio-Rad 1024
confocal microscope or a Nikon E800 epifluorescence microscope
equipped with a SPOT cooled charge-coupled device camera.

Electrophysiology. Rat pups [postnatal day (P)10–20] were anesthe-
tized with Nembutal and decapitated. Brains were removed rapidly and
chilled in ice-cold, oxygenated (95% O2, 5% CO2) sucrose artificial CSF
(sACSF) consisting of (in mM): 220 sucrose, 3 KCl, 1.25 NaH2PO4, 1.2
MgSO4, 26 NaCO3, 2 CaCl2, and 10 dextrose (295–300 mOsm). The
brain was then blocked and glued to the stage of a vibrating tissue slicer
(Campden Instruments), and 300-�m-thick slices were cut in ice-cold,
oxygenated sACSF. Resulting slices were then transferred to a holding
chamber where they remained submerged in oxygenated normal ACSF
(nACSF) consisting of (in mM): 124 NaCl, 3 KCl, 1.25 NaH2PO4, 26
NaCO3, 1.2 MgSO4, 2 CaCl2, and 10 dextrose (295–300 mOsm). Slices
were held at 37°C for 30 min and then stored at room temperature (1–6
hr). For recordings, individual slices were transferred to a submersion-
type recording chamber and perfused with oxygenated nACSF at 33–
35°C. In voltage-clamp studies, nACSF was supplemented with a Na �

channel antagonist (tetrodotoxin, 0.5–1 �M) and 100 �M CdCl2 to block
voltage-activated Ca 2� channels. Conventional whole-cell patch-pipette
recordings were obtained from visually identified neurons using an
infrared differential interference contrast (IR-DIC) video microscopy
system (Stuart et al., 1993). Patch electrodes (3–6 M�) were pulled from
borosilicate glass capillary tubing and coated with Sylgard (Dow Chem-
ical). Intracellular patch-pipette solution for whole-cell voltage-clamp
recordings contained (in mM): 140 KMeGluconate, 2 MgCl2, 2 CaCl2, 10
HEPES, 10 EGTA, 2 Mg-ATP, 0.2 Na3-GTP, pH 7.2 (285–290 mOsm);
for whole-cell current-clamp recordings the pipette solution contained
(in mM): 120 KMeGluconate, 10 KCl, 1 MgCl2, 0.025 CaCl2, 10 HEPES,
0.2 EGTA, 2 Mg-ATP, 0.2 Na3-GTP, pH 7.2 (285–290 mOsm). In some
recordings, the marker biocytin (1%; Sigma, St. Louis, MO) was in-
cluded in the patch pipette to permit post hoc identification of physio-
logically characterized cells (Williams et al., 1994). Current and voltage
were recorded with an Axopatch 1D amplifier (Axon Instruments) and
monitored on an oscilloscope; voltage-step commands were delivered to
the amplifier from a Pentium computer using pCLAMP software
(Axon). Whole-cell voltage-clamp data were filtered at 2 kHz. Series
resistance and holding current were carefully monitored, and cells were
discarded if either value changed by �20%. IK and IA were recorded at
a holding potential of �60 mV and evoked by 600 msec depolarizing
steps (after a brief prepulse to �115 mV) between �80 and �20 mV.

RESULTS
Prenatal treatment with MAM induced distinct cortical and hip-
pocampal malformations in offspring, as reported previously
(Singh, 1977; Chevassus-au-Louis et al., 1998b,c; Baraban et al.,
2000). Cortical thinning and nodular heterotopia in the CA1–
CA2 region of hippocampus are hallmark features of MAM-
exposed rat brains and were observed in all animals studied (n �
46). Hippocampal heterotopia were observed as early as P3 and
persisted for the lifetime of the animal (Fig. 1A). For electro-
physiological studies, patch-clamp recordings were obtained from
pyramidal-like cells within hippocampal heterotopia under IR-
DIC visualization (Fig. 1B,C). A small number of cells within
hippocampal heterotopia could be described as large (�20 �m),
round interneurons. These cells exhibited the fast-spiking and
sharp post-spike afterhyperpolarization firing patterns typical of
GABAergic interneurons (Williams et al., 1994). Initially, heter-
otopic cell identity was confirmed post hoc via biocytin labeling
(Fig. 1B).

Potassium channel expression in heterotopic neurons
The Kv2.1 (Shab) and Kv4.2 (Shal) potassium channel subunits
are widely expressed in rat hippocampus, with prominent staining
in the cell bodies and dendrites of dentate granule cells and
CA1–CA3 pyramidal cells (Sheng et al., 1992; Maletic-Savatic et
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al., 1995; Serodio and Rudy, 1998). In heterologous cells, channels
formed by Kv4.2 subunits mediate fast, transient (IA-type) K�

currents, and Kv2.1 subunits mediate sustained delayed, rectifier
(IK-type) potassium currents. To determine whether these potas-
sium channel subunits are present in the malformed hippocampus
of MAM-exposed rats, mRNA expression patterns were exam-
ined using digoxigenin-labeled riboprobes. Experiments using
hippocampal sections from saline-treated control rats established
that Shal (Kv4.2)- and Shab (Kv2.1)-type potassium channel sub-
units are prominently expressed in the CA1 pyramidal cell region
of hippocampus, as expected (Fig. 2A,D). In sections from
MAM-exposed rats, strong hybridization signal for Kv4.2 was
observed in normotopic pyramidal cells (e.g., CA1 cells within the
malformed hippocampus that do not cluster into nodules). How-
ever, Kv4.2 mRNA levels were extremely low in regions of hip-
pocampus containing nodular heterotopia (Dubeau et al., 1995;
Du et al., 1998; Murakoshi and Trimmer, 1999) (Fig. 2B,C). In
contrast, Kv2.1 potassium channels were prominently expressed
throughout the hippocampus of MAM-exposed rats. Figure 2E
shows the distribution of mRNA for Kv2.1 in a representative
hippocampal section containing a nodular heterotopia. Note
that Kv2.1 probes label pyramidal neurons in both normotopic
and heterotopic cell regions of MAM-exposed rat hippocam-
pus (Fig. 2 F).

To confirm that observed reductions in Kv4.2 message were

associated with a corresponding reduction in channel protein,
immunohistochemical studies were performed using an antibody
to Kv4.2 (Sheng et al., 1992). In the CA1 region of sections from
control animals, Kv4.2 immunoreactivity was detected in stratum
(st.) pyramidale and was particularly dense in stratum radiatum,
st. lacunosum-moleculare, and st. oriens, where the pyramidal cell
dendrites are located (Fig. 3A–C). Regions of CA1 from MAM-
exposed rats containing normotopic cells exhibited a pattern of
Kv4.2 staining similar to controls (Fig. 3D,F). Heterotopic pyra-
midal neurons in the sections from MAM-exposed animals ex-
hibited markedly reduced Kv4.2 staining in adjoining regions of
stratum radiatum and oriens (Fig. 3). Moderate levels of Kv4.2
mRNA and protein can be found in all neocortical pyramidal cell
regions (data not shown) (Serodio and Rudy, 1998). Taken to-
gether, our results suggest that Kv4.2 subunit expression is ex-
tremely low in regions of hippocampus containing heterotopic
neurons.

Potassium currents in heterotopic neurons
In addition to the enhanced seizure susceptibility reported in rats
with MAM-induced malformations (Baraban and Schwartzkroin,
1996; Germano et al., 1996; Germano and Sperber, 1997;
Chevassus-au-Louis et al., 1998a), malformations also exhibit a
number of unusual physiological properties, including impaired
long-term potentiation (Ramakers et al., 1993), enhanced excit-

Figure 1. Hippocampi from MAM-exposed rats. A, These representative examples illustrate the appearance of heterotopic cell clusters within the CA1
pyramidal cell region of the hippocampal formation. Coronal sections (30 �m thick) were stained with cresyl violet. Cell clusters (or nodular heterotopia)
were found at P3, P16, and P60� (Adult). CA1, CA3, Hippocampal subfields; DG, dentate gyrus. B, These representative biocytin-filled cells illustrate
the appearance and dendritic arborization of heterotopic pyramidal-like (top) and interneuron-like (bottom) cells. Note the presence of dendritic spines
on heterotopic pyramidal-like neurons and a neocortical axonal projection (arrow). Schematics of the heterotopic slice are shown in the inset. C,
Representative current-clamp traces from the biocytin-filled neurons shown in B.
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ability (Baraban and Schwartzkroin, 1995), and an ability to
independently generate epileptiform discharges (Baraban et al.,
2000). Because the migration defect in MAM animals is induced
early in neurogenesis (i.e., embryonic day 15), a developmental
alteration in the intrinsic membrane properties of heterotopic
neurons might be responsible for observed physiological deficits.
Indeed, it has been reported that periventricular heterotopic
neurons in the MAM model fire long-lasting repetitive bursts of
action potentials (APs) in response to small membrane depolar-
izations (Sancini et al., 1998). To determine whether K� channel
function is altered on hippocampal heterotopic neurons, we ex-
amined potassium currents using visualized patch-clamp record-
ing techniques (Stuart et al., 1993). Whole-cell voltage-activated
potassium current was recorded in the presence of sodium and
calcium channel blockers (1 �M tetrodotoxin and 100 �M cad-
mium, respectively). Normal CA1 pyramidal neurons display
prominent voltage-activated outward currents when the mem-
brane is depolarized beyond �20 mV (Spigelman et al., 1992;
Klee et al., 1995). In saline-treated rats, outward currents with
distinct IK and IA components were observed on CA1 pyramidal
neurons (n � 17) (Fig. 4A). Using the same voltage-clamp pro-
tocol and recording conditions for slices from MAM-exposed
rats, we observed outward currents on heterotopic pyramidal

neurons with distinct delayed, rectifier-type but no evidence of
fast, transient potassium currents (n � 23) (Fig. 4A).

The lack of functional A-type potassium current may be attrib-
utable to a general and nonspecific disruption of potassium chan-
nel development after prenatal MAM exposure. To determine
whether the delayed, rectifier-type K� current component was
affected by MAM treatment, we compared the kinetic properties
of IK on normal CA1 pyramidal neurons with IK on heterotopic
pyramidal neurons. The K� currents in the two types of neurons
did not differ in their voltage dependence of activation. Normal-
ized conductance–voltage relationships, calculated from respec-
tive peak current amplitudes, showed indistinguishable plots (Fig.
4B). The decay time course of IK (Klee et al., 1995) was similar
in both cell types. To calculate decay time constants, cells were
held at 0 mV, hyperpolarized to �120 mV, and the current fitted
with a double exponential function (normal CA1: �1 � 1896.3 �
279.1 msec; �2 � 344.8 � 22.0 msec; n � 5; heterotopic pyramidal
neurons: �1 � 1894.9 � 221.7 msec; �2 � 365.7 � 30.1 msec; n �
4; �1, p � 0.997 and �2, p � 0.588; Student’s t test). There were
also no differences in IK current amplitude measured at the 575
msec time point of a 600 msec depolarizing voltage step (Fig. 4C).

Figure 2. Expression of Kv4.2 and Kv2.1 mRNA in the rat hippocampus.
A, Coronal hippocampal section showing Kv4.2 labeling in the CA1–CA3
pyramidal cell and dentate granule cell regions from a normal, saline-
treated control rat. B, Kv4.2 labeling in a coronal hippocampal section
from a MAM-exposed rat. C, Higher magnification of Kv4.2 labeling
shown in B (box). Note the marked reduction of Kv4.2 labeling in an area
corresponding to a nodular heterotopia. D, Coronal hippocampal section
showing Kv2.1 labeling in the CA1–CA3 pyramidal cell and dentate
granule cell regions from a normal, saline-treated control rat. E, Kv2.1
labeling in a coronal hippocampal section from a MAM-exposed rat. F,
Higher magnification of Kv2.1 labeling shown in D (box). CA1, CA3,
Hippocampal subfields; DG, dentate gyrus; st. o-a, stratum oriens-alveus;
st. rad, stratum radiatum.

Figure 3. Expression of Kv4.2 protein in the rat hippocampus. A, Coro-
nal hippocampal section showing propidium iodide (mRNA cell body
stain) labeling in the CA1 pyramidal cell region from a normal, saline-
treated control rat. B, Kv4.2 antibody staining in the same hippocampal
section. C, Color overlay of A and B showing cell body staining (red) and
Kv4.2 localization ( green). D–F, Propidium iodide and Kv4.2 labeling for
a coronal hippocampal section from a MAM-exposed rat. Note the
absence of Kv4.2 localization ( green) in the heterotopic cell region (red)
in F. so, Stratum oriens; sp, stratum pyramidale; sr, stratum radiatum; slm,
stratum lacunosum-moleculare; v, blood vessel.
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In contrast, as predicted from our K� channel expression studies,
IA was dramatically decreased for heterotopic neurons in com-
parison with normal CA1 pyramidal neurons from saline-treated
rats (Fig. 4D). To determine whether normotopic CA1 pyramidal
neurons in MAM rats also showed altered K� currents, we
analyzed peak current amplitudes for IK and IA in these cells.
Normotopic pyramidal neurons exhibited mRNA expression pro-
files similar to normal CA1 pyramidal neurons, and as expected,
IK and IA current amplitudes were comparable between these two
cell types (n � 6) (Fig. 4C,D). Activation curves and time con-
stants of decay were also similar to those values reported for
normal CA1 pyramidal neurons (data not shown).

We also examined K� current function in neocortical slices
(coronal sections, somatosensory cortex) from saline-treated rats,
because previous work suggested a neocortical origin for hip-
pocampal heterotopic neurons (Chevassus-au-Louis et al.,
1998b,c). Outward currents with distinct delayed, rectifier-type
and fast, transient-type components were observed on layer V–VI
pyramidal neurons (n � 11) (Fig. 5B). Interneurons located
within hippocampal heterotopia in slices from MAM rats (n � 7;
data not shown) or in stratum lacunosum-moleculare in slices
from control saline-treated animals (n � 5) (Fig. 5A) were also
found to have prominent IA- and IK-type outward currents. Al-
though heterotopia can contain parvalbumin-expressing, presum-
ably GABAergic, interneurons and are composed of pyramidal-
like cells with a putative neocortical origin (Chevassus-au-Louis
et al., 1998b,c), our findings suggest a distinct potassium current
profile (e.g., very little IA) for hippocampal heterotopic neurons.

4-Aminopyridine (4-AP) blocks IA-type current in normal CA1
pyramidal neurons and tetraethylammonium chloride (TEA)
blocks IK (Rudy, 1988). Therefore, we used these drugs to exam-
ine the pharmacological properties of K� currents. If heterotopic
neurons express IK, but little or no IA, we expected these cells to
be TEA sensitive and relatively 4-AP insensitive. At a concen-
tration of 20 mM, TEA inhibited IK, leaving a small TEA-
insensitive fast, transient current component (n � 8) (Fig. 6A). IK

was also inhibited by 20 mM TEA on heterotopic neurons, but
very little IA was observed during perfusion with this drug (n �
11) (Fig. 6A). At a concentration of 10 mM, 4-AP completely
inhibited IA on normal CA1 pyramidal neurons (n � 7) (Fig. 6B,
lef t). This same drug concentration had a markedly reduced effect
on heterotopic pyramidal neurons (n � 8) (Fig. 6B, right). Thus,

Figure 4. A-type potassium current is reduced in heterotopic pyramidal
cells. A, Outward currents from a CA1 pyramidal neuron (Control CA1)
and heterotopic pyramidal neuron (MAM heterotopic) were elicited by
stepping from a holding potential of �60 mV to �40 mV in 10 mV
increments. A 150 msec prepulse to �110 mV preceded each depolarizing
step. Fast, transient A-type current was measured at the peak (E), and
sustained, delayed, rectifier current was measured at the 575 msec time
point (F). B, IK activation curves for CA1 pyramidal (CON; n � 13) and
heterotopic pyramidal (MAM; n � 7) neurons. Chord conductance (GK )
was calculated by transforming peak currents using the equation GK �
I/V � VK ), where I is the peak amplitude at a given test potential ( V ) and
VK equals the K � reversal potential. A calculated K � equilibrium poten-
tial of �100.1 mV was used. GK was normalized to 1.0 by the maximum
conductance (Gmax ) and plotted as the mean � SE versus the test
potential (mV). C, Plot of the peak current amplitudes for IK on hetero-
topic pyramidal cells (MAM het), normotopic pyramidal cells (MAM
normo), and CA1 pyramidal cells (CON CA1). Plotted are means � SE.
D, Same for IA.

Figure 5. Potassium current function in neocortical pyramidal cells and
hippocampal interneurons. A, Representative whole-cell voltage-clamp
recording from a visually identified (IR-DIC image, right panel ) interneu-
ron in the stratum lacunosum-moleculare region of a control hippocampal
slice. Note the presence of IA- and IK-type outward potassium currents.
Voltage-step protocol is same as in Figure 4. B, Same for a layer V–VI
pyramidal neuron in a control cortical slice. Scale bar (shown in A): 8 �m.
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marked reductions in a potassium current, with gating and phar-
macological properties of IA, is a prominent feature of hippocam-
pal heterotopic neurons and appears to distinguish them from
normal CA1 pyramidal cells, interneurons, and cortical pyramidal
cells.

Firing properties of heterotopic neurons
Heterologous expression of Kv4.2 subunits in cultured cells re-
sults in a rapidly inactivating, 4-AP-sensitive A-type outward K�

current (Baldwin et al., 1992; Serodio et al., 1994). In normal
hippocampus, Kv4.2 subunits are prominently expressed on so-
mata and dendrites of CA1 pyramidal neurons where they are
believed to underlie an A-type current that contributes to control
of action potential firing frequency, spike repolarization, and
integration of signals received on dendrites (Hoffman et al., 1997;
Martina et al., 1998; Serodio and Rudy, 1998). We therefore
examined the firing properties of heterotopic neurons lacking
Kv4.2 and a functional A-type potassium current. Because hete-
rotopic neurons functionally integrate into the hippocampal cir-
cuit (Chevassus-au-Louis et al., 1998a; Baraban et al., 2000) and
disrupt or displace a hippocampal region normally occupied by
CA1 pyramidal cells (Fig. 1), we compared their properties with
those of CA1 pyramidal cells from saline-treated animals. In
current-clamp recordings, heterotopic neurons had resting mem-
brane potential (RMP) values (�64.5 � 0.9 mV; n � 17) that
could not be distinguished from those of age-matched CA1 py-
ramidal neurons (RMP, �65 � 0.4 mV; n � 27; p � 0.57,
Student’s t test) recorded in slices from saline-treated rats. Mea-
surement of membrane time constants also failed to reveal sig-

nificant differences (CA1 pyramidal: 19.1 � 1.0 msec, n � 19;
heterotopic pyramidal: 21.8 � 4.2, n � 12; p � 0.53). In contrast,
further analysis of membrane properties revealed differences in
AP amplitude, duration, and firing frequency. First, heterotopic
pyramidal neurons exhibited action potentials with significantly
smaller peak amplitudes (Figs. 7A–C). These differences in AP
amplitude were associated with higher input resistances for het-
erotopic neurons (CA1 pyramidal: 145.3 � 8.9 M�, n � 14;
heterotopic pyramidal: 313.1 � 56.1 M�, n � 10; p � 0.14).
Second, consistent with a lack of functional A-type K� current
(Fig. 4), analysis of action potential duration revealed that hete-
rotopic cells had longer AP durations than those of age-matched
CA1 pyramidal neurons (Figs. 7B,C). Third, both normotopic
CA1 and heterotopic pyramidal neurons fired a single action
potential in response to brief depolarizing current pulses (Fig.
7A). The amount of current injection required to elicit a single
action potential during a brief 5 msec pulse was slightly higher for
heterotopic cells (CA1 pyramidal: 232 pA, n � 23; heterotopic
pyramidal: 267 pA, n � 7; p � 0.123). However, in response to
long depolarizing current pulses, distinct differences in firing
activity could be observed. During a long membrane depolariza-
tion, normal CA1 pyramidal cells fire repetitively at a decrement-
ing frequency (i.e., spike frequency adaptation), whereas hetero-
topic cells fired repetitively with much less adaptation (Fig. 8A,D).
Similarly, heterotopic pyramidal neurons fired at significantly
higher frequencies than age- and RMP-matched control CA1
pyramidal cells under all current pulse durations (100–900 msec)
(Fig. 8B) and at all levels of current injection (100–1000 pA) (Fig.
8D) tested. These qualitative differences in firing frequency were
further confirmed by (1) plotting the instantaneous firing fre-
quency versus latency (Fig. 8C), (2) using quantitative analysis of

Figure 6. Sensitivity of outward currents to TEA and 4-AP. A, TEA (20
mM) blocked the sustained, delayed, rectifier potassium current on CA1
pyramidal (Control CA1) and heterotopic pyramidal (MAM het) neurons
(inset, top lef t). Representative traces are shown for each cell before
(black) and �5 min after TEA application ( gray). I–V plots are shown for
each cell before (F) and after TEA (E); control CA1 cell plot is on lef t,
and MAM heterotopic cell plot is on right. B, 4-AP (10 mM) selectively
blocks the fast, transient potassium current on CA1 pyramidal neurons
(arrow, Control CA1, lef t panel ). 4-AP had little effect on heterotopic
pyramidal neurons (MAM het, right panel ). Representative traces are
shown for each cell before (black) and �5 min after 4-AP application
( gray).

Figure 7. Action potential properties of CA1 and heterotopic pyramidal
neurons. A, A single action potential was elicited in CA1 pyramidal (CON
CA1) and heterotopic pyramidal (MAM het) neurons by a brief 10 msec
depolarizing current injection. B, The properties of a single action po-
tential are not identical in these two cell types. Superimposed action
potentials are shown at an expanded time-scale for a representative CA1
pyramidal (black trace) and heterotopic pyramidal ( gray trace) neuron. C,
Plots of action potential amplitude and duration for all CA1 pyramidal
neurons (black bars) and heterotopic pyramidal neurons (white bars).
Plotted are means � SE; asterisk denotes significance taken as p 	 0.05,
Student’s t test.
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spike frequency adaptation time constants (Buckmaster et al.,
1993) (CA1 pyramidal: 118.2 � 32.4 msec; heterotopic pyramidal:
306.9 � 75.8 msec; p � 0.041 for a 0.5 nA current pulse), and (3)
using measurements of firing frequency (CA1 pyramidal: 7.1 �
0.6 Hz, n � 10; heterotopic pyramidal: 20.3 � 1.6 Hz, n � 9, p 	
0.001). Taken together, the observed differences demonstrate the

neuronal hyperexcitability of heterotopic neurons in the MAM
model of cortical malformations and epilepsy.

DISCUSSION
Clinical and experimental studies support a role for malformed
brain tissue in the development of epilepsy (Palmini et al.,
1991a,b, 1995; Aicardi, 1994; Germano et al., 1996; Chevassus-
au-Louis et al., 1999; Baraban et al., 2000; Palmini, 2000). In fact,
recent studies suggest that heterotopias and abnormal cytoarchi-
tecture are the most common neuropathological finding in chil-
dren with medically intractable epilepsy treated surgically (Du-
chowny et al., 1992; Brannstrom et al., 1996). Unfortunately, very
little is known about potential cellular causes of hyperexcitability
in regions of malformations. Here we used molecular and elec-
trophysiological approaches to demonstrate that a potassium
channel subunit is lacking on heterotopic neurons in an animal
model of cortical malformations.

We have shown, using in situ hybridization, that Shab (Kv2.1)
potassium channel subunits exhibit similar patterns of expression
in normal hippocampus and malformed hippocampus from
MAM-exposed rats. By contrast, both in situ hybridization and
immunohistochemical experiments showed that levels of Shal
(Kv4.2) subunits were markedly reduced within malformed brain
regions. Although this subunit is prominently expressed in so-
matic and dendritic regions of normotopic pyramidal neurons in
the MAM-exposed rat brain, expression on heterotopic pyrami-
dal neurons is absent or barely detectable (Figs. 2C, 3F). Potas-
sium channels are important regulators of electrical signaling in
the brain and act to limit the excitability of individual neurons
(Pongs, 1999). Thus, it is not surprising that an alteration in K�

channel expression in the MAM model could potentially contrib-
ute to hyperexcitability and a predisposition toward seizure ac-
tivity. In humans, mutations in the KCNQ2 and KCNQ3 potas-
sium channel subunits result in benign familial neonatal
convulsions (BFNC), a rare form of pediatric epilepsy (Biervert
et al., 1998; Singh et al., 1998). In mice, a null mutation of the
Kv1.1 Shaker-type voltage-gated potassium channel leads to fre-
quent, often fatal, generalized seizures (Smart et al., 1998). Point
mutations in Kv1.1 channels are also associated with increased
epilepsy risk in humans (Zuberi et al., 1999). The interesting
observation in the MAM model of cortical malformations (a
non-idiopathic epilepsy phenotype) is that abnormal Kv4.2 potas-
sium channel expression appears to be restricted to heterotopic
neurons. In both the human condition of BFNC and Kv1.1 knock-
out mice, altered potassium channel expression is global (e.g., the
mutation is presumably present in neurons throughout the CNS).
In MAM rats, normotopic pyramidal neurons directly adjacent to
heterotopic cells express Kv4.2 transcripts (and have functional
A-type currents) consistent with the suggestion that nodular
heterotopia, with its neuron-specific loss of Kv4.2, are potential
sites of hyperexcitability in these experimental animals. Indeed,
previous work has demonstrated that isolated nodular heteroto-
pia in hippocampal slices from MAM-exposed rats exposed to
convulsant agents (either bicuculline or 4-AP) are capable of
independent seizure generation (Baraban et al., 2000). Moreover,
intraoperative recordings from human heterotopia also suggest
that these malformed brain regions can act as “seizure foci”
(Palmini et al., 1995; Otsubo et al., 1997).

A-type potassium channels, based on expression of Shal-related
(Kv4) genes, are prominent in the somatodendritic membranes of
many mammalian neurons, including hippocampal pyramidal
neurons, hippocampal interneurons, and neocortical pyramidal

Figure 8. Firing properties of CA1 and heterotopic pyramidal neurons.
A, Representative traces of a CA1 pyramidal neuron (Control CA1) and
heterotopic pyramidal neuron (MAM het) recorded in current-clamp
during a 500 msec depolarizing current injection (600 pA). B, Plot of the
firing frequency versus amount of current injected for all CA1 pyramidal
(Con, F) and heterotopic pyramidal (MAM, E) neurons. Plotted are
means � SE. C, Plot of the instantaneous firing frequency versus latency
for two representative CA1 pyramidal (Con, F) and heterotopic pyrami-
dal (MAM het, E) neurons. D, Representative traces of a CA1 pyramidal
neuron (Control CA1) and a heterotopic pyramidal neuron (MAM het)
during long depolarizing current injections (600–700 pA).
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cells (Serodio et al., 1994). These channels activate at subthresh-
old membrane potentials, inactivate rapidly, and are sensitive to
4-AP but largely insensitive to TEA. In many types of neurons,
A-type channels modulate neuronal firing frequency, spike repo-
larization, and action potential waveform (Byrne, 1980; Llinas,
1988; Rudy, 1988; McCormick and Huguenard, 1992). By limiting
neuronal excitability, A-type currents are an endogenous mech-
anism designed to prevent neuronal hyperexcitability. Observed
differences in the firing properties of heterotopic neurons (e.g.,
input resistance, spike amplitude, and a slowing of the rising
phase of the action potential) suggest that reduced Kv4.2 expres-
sion, although clearly important, may not be the only abnormality
associated with dysplastic neurons. Although our studies do not
rule out these additional potentially defective mechanisms (in-
cluding other ion channels or postsynaptic receptors), a lack of
functional A-type potassium channels on heterotopic neurons
would be expected to directly contribute to the abnormal cellular
physiology and network hyperexcitability observed in the MAM
model of non-idiopathic, malformation-associated epilepsy.

In the MAM model of cortical malformations, heterotopic
hippocampal neurons make aberrant connections with neocorti-
cal structures (Chevassus-au-Louis et al., 1998b). This synaptic
defect could result in the rapid spread of burst discharge activity
between hippocampal and cortical structures, but it does not
explain the intrinsic ability of heterotopic neurons to generate
burst-like firing patterns (Baraban and Schwartzkroin, 1995; San-
cini et al., 1998). Similarly, expression of the GluR2 “flip” subunit
of the AMPA receptor is increased in heterotopic cell regions,
but a hyperexcitability linked to an excitatory/inhibitory neuro-
transmission imbalance has not been reported for MAM-exposed
animals (Baraban and Schwartzkroin, 1996; Chevassus-au-Louis
et al., 1998b,c; Rafiki et al., 1998). In the MAM model, many
periventricular heterotopic neurons (a more heterogeneous cell
population than the nodular hippocampal heterotopia studied
here) exhibit “excessive bursting” behavior consisting of an un-
usually long train of action potentials (Sancini et al., 1998). This
type of firing behavior can result from a defect in the K�-
mediated control of intrinsic membrane excitability, and consis-
tent with this hypothesis, we reported that a slight increase in
extracellular K� concentration leads to epileptiform activity in
tissue slices from these animals (Baraban and Schwartzkroin,
1995). On the basis of these previous observations and the results
reported here, we hypothesize that abnormal K� channel expres-
sion in heterotopic neurons could lead to excessive burst firing
and epileptogenesis in regions of brain malformations. This hy-
pothesis remains to be tested in additional animal studies as well
as in human tissue obtained during surgery for intractable epi-
lepsy associated with a brain malformation.

As discussed, it is not yet known whether reductions in Kv4.2
channel expression observed in the MAM model occur in hu-
mans with cortical malformations and epilepsy. However, our
findings have important implications for understanding how mal-
formed neurons might contribute to a hyperexcitable phenotype,
independent of the type of malformation. First, clinical data
clearly demonstrate structural alterations (increased neurofila-
ment and microtubule-associated proteins) and unusual accumu-
lation of glial markers (GFAP and vimentin) in individual dys-
plastic neurons. How these structural changes lead to neuronal
hyperexcitability, however, is not clear. In contrast, our studies
demonstrating abnormal ion channel expression and function in
individual heterotopic neurons in the MAM model suggest at
least one plausible mechanism for hyperexcitability. Because al-

tered Kv4.2 expression may be a common feature of the mal-
formed brain, we suggest that similar studies should be performed
in human tissue (or other animal models of cortical malforma-
tions). Second, identification of a potentially epileptogenic defect
in a clinically relevant rodent epilepsy model could lead to the
testing of novel therapeutic approaches. For example, it would be
of great interest to determine whether insertion of a transgene
encoding Kv4.2 into heterotopic neurons would restore normal
cellular firing activity and, perhaps, reverse the predisposition
toward seizure activity observed in MAM-exposed rats. In gen-
eral, the identification of precise molecular abnormalities associ-
ated with specific epileptic phenotypes sets the stage for further
efforts to design treatments targeted toward reversing these
defects.
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