
Heterotopic Neurons with Altered Inhibitory Synaptic Function in an
Animal Model of Malformation-Associated Epilepsy

Maria Elisa Calcagnotto, Mercedes F. Paredes, and Scott C. Baraban

Epilepsy Research Laboratory, Department of Neurological Surgery and The Graduate Program in Neuroscience,
University of California, San Francisco, San Francisco, California 94143

Children with brain malformations often exhibit an intractable
form of epilepsy. Although alterations in cellular physiology and
abnormal histology associated with brain malformations has
been studied extensively, synaptic function in malformed brain
regions remains poorly understood. We used an animal model,
rats exposed to methylazoxymethanol (MAM) in utero, featuring
loss of lamination and distinct nodular heterotopia to examine
inhibitory synaptic function in the malformed brain. Previous in
vitro and in vivo studies demonstrated an enhanced suscepti-
bility to seizure activity and neuronal hyperexcitability in these
animals. Here we demonstrate that inhibitory synaptic function
is enhanced in rats exposed to MAM in utero. Using in vitro
hippocampal slices and whole-cell voltage-clamp recordings
from visualized neurons, we observed a dramatic prolongation
of GABAergic IPSCs onto heterotopic neurons. Spontaneous

IPSC decay time constants were increased by 195% and
evoked IPSC decay time constants by 220% compared with
age-matched control CA1 pyramidal cells; no change in IPSC
amplitude or rise time was observed. GABA transport inhibitors
(tiagabine and NO-711) prolonged evoked IPSC decay kinetics
of control CA1 pyramidal cells (or normotopic cells) but had no
effect on heterotopic neurons. Immunohistochemical staining
for GABA transporters (GAT-1 and GAT-3) revealed a low level of
expression in heterotopic cell regions, suggesting a reduced
ability for GABA reuptake at these synapses. Together, our data
demonstrate that GABA-mediated synaptic function at hetero-
topic synapses is altered and suggests that inhibitory systems
are enhanced in the malformed brain.
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Epileptic seizures associated with a brain malformation are fre-
quently severe and resistant to conventional anticonvulsant drugs.
Often, surgical removal of abnormally organized tissue is the only
effective form of seizure control for these early-onset epilepsies
(Palmini et al., 1991b, 1995). With recent developments in brain
imaging techniques, malformations have been identified in �30%
of all new epilepsy cases (Kuzniecky, 1988; Palmini et al., 1991a;
Mischel et al., 1995; Chan et al., 1998). Considerable evidence
now suggests that malformed brain regions are a source of hy-
perexcitability and seizure genesis (Avoli et al., 1999; Maehara et
al., 1999; Morioka et al., 1999; Andermann, 2000; Baraban et al.,
2000; Ohtsuka et al., 2000); however, synaptic function in the
dysplastic brain remains poorly understood.

Brain malformations are found not only in neocortical struc-
tures but also in the hippocampal formation (Houser, 1990;
Hirabayashi et al., 1993; Raymond et al., 1994, Lehericy et al.,
1995). These hippocampal malformations, which include micro-
dysgenesis, granule cell dispersion, and nodular heterotopia, are
especially intriguing given that the hippocampus is implicated in
temporal lobe epilepsy (Schwartzkroin, 1994). To study the func-
tional and molecular properties of dysplastic neurons, a number

of animal models have been developed that feature hippocampal
dysgenesis. These include rats exposed to irradiation or methy-
lazoxymethanol (MAM) in utero (Hicks et al., 1959; Baraban and
Schwartzkroin, 1995), Lis1 and p35 knock-out mice (Fleck et al.,
2000; Wenzel et al., 2001) and Ihara rats (Amano et al., 1996). In
each of these animal models, spontaneous seizures or an in-
creased susceptibility to convulsant agents has been reported.

Here we focused on rats exposed to MAM in utero because
they are highly seizure susceptible (de Feo et al., 1995; Baraban
and Schwartzkroin, 1996; Germano et al., 1996; Chevassus-au-
Louis et al., 1998a) and share many anatomical similarities with
human malformation-associated epilepsies (Spreafico et al., 1998;
Colacitti et al., 1999). Although heterotopic neurons in the MAM
model lack Kv4.2 A-type potassium channels and exhibit “burst-
er” firing properties (Sancini et al., 1998; Castro et al., 2001),
there is no evidence of either spontaneous epileptic seizures in
vivo or independent burst generation in vitro. Nodular heterotopia
receive abundant GABAergic innervation in MAM-exposed rats
(Baraban et al., 2000) and humans with cortical dysplasia (Spre-
afico et al., 2000), perhaps serving to dampen the intrinsic hyper-
excitability associated with these regions or suppress spontaneous
seizures. At present, the functional consequences of inhibitory
inputs to heterotopic neurons have not been studied in great
detail. To study GABAergic inhibition in the dysplastic MAM-
exposed rat brain, we examined the kinetic properties of evoked
and spontaneous IPSCs onto individual heterotopic cells, physi-
ological responses to exogenously applied GABA, and GABA
transporter (GAT) expression. Here we present evidence for a
significant alteration in inhibitory synaptic function at hetero-
topic synapses in MAM-exposed rats.
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MATERIALS AND METHODS
Prenatal methylazoxymethanol injection. Pregnant Sprague Dawley rats
were injected with either 0.9% physiological saline (control) or 25 mg/kg
MAM. MAM was purchased from NCI Chemical Carcinogen (Kansas
City, MO). Intraperitoneal injections (0.3 ml, 15% DMSO) were made
on embryonic day 15. 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.

Hippocampal slice preparation. Acute tissue slices were prepared from
male or female Sprague Dawley rat pups [postnatal day 14 (P14) to P25].
Briefly, the rats were decapitated, and the brain was rapidly removed in
ice-cold oxygenated slicing medium, an artificial CSF (ACSF) consisting
of (in mM): 220 sucrose, 3 KCl, 1.25 NaH2PO4, 2 MgSO4, 26 NaHCO3,
2 CaCl2, and 10 dextrose (295–305 mOsm). A hemisphere of brain
containing the hippocampus was blocked and glued (cyanoacrylic adhe-
sive) to the stage of a vibroslicer [model NVSLM1 (Campden Instru-
ments, Lafayette, IN) or model VTS1000 (Leica, Nussloch, Germany)].
Parasaggital hippocampal or coronal cortical (300-�m-thick) slices were
cut in 4°C oxygenated (95% O2–5% CO2) slicing medium. The resulting
slices were immediately transferred to a holding chamber, in which they
remained submerged in oxygenated recording medium (ACSF) consist-
ing of (in mM): 124 NaCl, 3 KCl, 1.25 NaH2PO4, 2 MgO4, 26 NaHCO3,
2 CaCl2, and 10 dextrose (295–305 mOsm). Slices were held at 37°C for
45 min and then at room temperature. For each experiment, an individ-
ual slice was gently transferred to a submersion-type recording chamber,
in which it was continuously perfused with oxygenated recording medium
at room temperature.

Whole-cell recording. Whole-cell voltage-clamp pipette recordings were
obtained from visually identified neurons using an infrared differential
interference contrast (IR-DIC) video microscopy system (Stuart et al.,
1993). Conventional whole-cell patch pipette recordings were obtained
from identified neurons within 75 �m of the slice surface. Patch elec-
trodes (3–7 M�) were pulled from 1.5 mm outer diameter borosilicate
glass capillary tubing (World Precision Instruments, Sarasota, CA) using
a micropipette puller (P-87; Sutter Instruments, Novato, CA), coated
with Sylgard (Dow Corning, Midland, MI), and fire polished. Intracel-
lular patch pipette solution for whole-cell recordings contained (in mM):
120 Cs-gluconate, 10 HEPES, 11 EGTA, 11 CsCl2, 1 MgCl2, 1.25
QX314, 2 Na2-ATP, and 0.5 Na2-GTP, pH 7.25 (285–290 mOsm). To
isolate GABAergic synaptic currents, slices were perfused with ACSF
containing 20 �M 6-ciano-7-dinitroquinoxaline-2,3-dione (CNQX) and
50 �M D-(�)-2-amino-5-phosphonovaleric acid (D-APV). Both, sponta-
neous (sIPSCs) and evoked (eIPSCs) IPSCs were recorded at the
reversal potential for glutamatergic currents (holding potential, 0 mV;
room temperature) at which IPSC events exhibit a large-amplitude and
prominent decay (Otis et al., 1992). IPSCs were recorded on “aged-
matched” heterotopic and normotopic pyramidal or interneurons
(MAM) either in the same slice or in a different one, and CA1 pyramidal
cells or layer II /III cortical supragranular neurons (control). Age-
matched refers to slices obtained from neonatal rat pups within an 11 d
time period. eIPSCs were evoked at 0.1 Hz using a monopolar electrode
placed in sites adjacent to the heterotopia or in the Schaffer collaterals.
Low-frequency (0.1 Hz), 100 �sec pulses were applied and their intensity
increased until threshold was reached for eliciting a detectable monosyn-
aptic eIPSC. Stimulus intensity was then increased to two times thresh-
old and was maintained at this intensity for the entire experiment. The
peak of the evoked response was examined (at a fast time resolution) to
ensure that the measured response, a delay �5 msec, did not arise from
the shock artifact. Voltage and current were recorded with an Axopatch
1D amplifier (Axon Instruments, Foster City, CA) and monitored on an
oscilloscope. Whole-cell voltage-clamp data were low-pass filtered at 1
kHz (�3 dB, eight-pole Bessel), digitally sampled at 10 kHz, and mon-
itored with pClamp software (Axon Instruments) running on a personal
Pentium computer (Dell Computer Company, Round Rock, TX).
Whole-cell access resistance was carefully monitored throughout the
recording, and cells were rejected if values changed by �25% (or ex-
ceeded 20 M�); only recordings with stable series resistance of �20 M�
were used for IPSC analysis.

In some voltage-clamp experiments, pharmacological agents were
added to the perfusion medium: bicuculline methiodide (BMI) (10 �M),
carbachol (5 �M), NO-711 (50 �M), and GABA (5 mM) were purchased
from Sigma (St. Louis, MO); tiagabine (20 �M) was a kind gift from
Cephalon (West Chester, PA). Drugs were bath applied via the perfus-
ate. A picospritzer (Parker Hannifin, Cleveland, OH) was used for focal
GABA application; a patch pipette was placed within �25 �m of the cell

soma (or �100 �m of the cell dendrite) under IR-DIC, and brief
pressure pulses (10 msec) were used to eject GABA from the pipette tip.

Immunocytochemistry. To obtain hippocampal sections, rat brains were
removed from animals perfused with 4% paraformaldehyde, cryopro-
tected (in 30% sucrose solution), and frozen rapidly on dry ice, and
60-�m-thick floating sections were cut using a microtome (Leica). Sec-
tions were pretreated with 1.5% H2O2 in PBS to reduce background from
endogenous peroxidase activity. This was followed by several PBS and
PBT (1� PBS with 0.1% Triton X-100) washes. Tissue was blocked in
10% fetal bovine serum in PBT for 1 hr and then incubated in the
primary antibody [rabbit anti-GAT-1, GAT-2, and GAT-3; polyclonal
antibody; Chemicon, Temecula, CA) diluted 1:500 in the blocking solu-
tion at 4°C for 48 hr. After washing in PBT for 40 min (five changes), the
sections were incubated overnight at 4°C in biotinylated goat anti-rabbit
IgG diluted 1:1000 in blocking solution. Another 90 min of PBT washes
(four changes) was followed by incubation in the ABC complex (1:500
dilution of A and B reagents) from the Vectastain ABC kit (Vector
Laboratories, Burlingame, CA) for 2 hr at room temperature. Sections
were washed for 50 min (five changes) in PBT. The colorimetric reaction
was initiated by adding DAB substrate (0.5 mg/ml 3,3-diaminobenzidine
and 0.005% H2O2 in PBS). Sections were mounted on glass slides and
allowed to air dry overnight. The tissue was dehydrated in EtOH (in
increasing concentrations from 75 to 100%) and xylene and mounted
with Permount (Fisher Scientific, Houston, TX). All tissue sections were
handled and processed in an identical manner.

Data analysis. Spontaneous IPSCs were measured using Mini Analysis
5.2.5 software (Synaptosoft, Decatur, GA). Each event was manually
selected based on rise time, amplitude, and decay properties. Between
100 and 200 individual events were analyzed for each cell. Evoked IPSCs
and GABA-evoked voltage-clamp responses were analyzed using Clamp-
fit (Axon Instruments). Kinetic analysis of the IPSCs was performed
with a single-exponential function. Results are presented as mean �
SEM. Data before and after drug application were analyzed using a
Student’s t test on the SigmaStat program (Jandel Scientific, Corte
Madera, CA). To compare the results between different cell types, we
used a one-way ANOVA. Significance level was taken as p � 0.05.

RESULTS
Histological abnormalities observed in MAM-exposed rats have
been described in detail previously (Singh, 1977; Chevassus-au-
Louis, 1998b; Colacitti et al., 1999; Baraban et al., 2000). All
hippocampal slices used in the present study contained distinct
clusters of displaced neurons (heterotopia) and loss of lamination
(Fig. 1A). Neurons were selected for whole-cell voltage-clamp
studies based on their location and morphology under direct
IR-DIC visualization (Fig. 1B,C). Experimental data were ob-
tained from hippocampal heterotopic pyramidal neurons
(MAM). For comparison, control data were obtained from nor-
motopic pyramidal neurons (e.g., pyramidal cells located within
the normal CA1 laminar) and stratum radiatum interneurons
(MAM), CA1 pyramidal neurons (control), and layer II /III su-
pragranular neurons in cortical slices (control); these latter cells
were chosen because they exhibit a molecular phenotype similar
to heterotopic pyramidal neurons (Castro et al., 2002).

Inhibitory GABAergic synaptic currents
Altered GABA-mediated synaptic inhibition is a common feature
in animal models of temporal lobe and malformation-associated
epilepsy (Sloviter, 1991; Mangan and Lothman, 1996; Prince and
Jacobs, 1998; Zhu and Roper, 2000; Coulter, 2001). To investi-
gate GABAergic function at heterotopic synapses, whole-cell
IPSCs were obtained from visually identified neurons in hip-
pocampal slices from age-matched MAM-exposed and control
rats. Monosynaptic eIPSCs were elicited in bathing medium
supplemented with excitatory amino acid receptor blockers (50
�M D-APV and 20 �M CNQX). For each cell, stimulus amplitudes
were increased in intensity until a maximum response was ob-
tained. In some experiments, 10 �M BMI was added to the
bathing medium, completely inhibiting the eIPSC (n � 45) and
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verifying the involvement of GABAA receptors. At a holding
potential of 0 mV, evoked IPSCs displayed a fast-onset outward
current with a small delay (5–7 msec) after the stimulation for all
cell types (Fig. 2). Representative examples of averaged eIPSC
responses from CA1 pyramidal, normotopic pyramidal, and het-
erotopic pyramidal interneurons and layer II /III supragranular
neurons are shown in Figure 2A. Analysis of eIPSCs revealed a
significantly longer decay time for heterotopic pyramidal neurons
(MAM) compared with all other cell types (ANOVA; p � 0.05)
(Fig. 2A–C).

Next we examined the kinetic properties of sIPSCs for each
cell type recorded in the presence of 50 �M D-APV and 20 �M

CNQX; addition of 10 �M BMI to the bathing medium abolished
sIPSCs (n � 45). Similar to evoked IPSCs, GABAergic sponta-
neous IPSCs recorded from hippocampal heterotopic neurons
decayed significantly more slowly than sIPSCs recorded on all
other cell types (ANOVA; p � 0.05) (Fig. 3A,B). Whereas the
rate of rise appears to be less dependent on voltage, decay time
constants for individual IPSCs vary as a function of membrane
voltage (Otis et al., 1992). In some cells, sIPSCs (n � 6) were
recorded at different holding membrane potentials (�80, �40,
and �20 mV), and we found that decay time constants for
hippocampal heterotopic cells remained slower than those mea-
sured on normotopic and control CA1 cells (data not shown). For

IPSC analysis, experiments were routinely performed at 0 mV,
e.g., the reversal potential for glutamatergic currents, to ensure
that we could obtain large and easily resolvable IPSC events for
analysis. Although the decay curves of a small fraction of sIPSCs
could be fit by double-exponential functions, following the exam-
ples of DeFazio and Hablitz (1998) or Taketo and Yoshioka
(2000), all decay constants were expediently analyzed using
single-exponential functions. Representative individual sIPSCs
for each cell type are shown for direct comparison in Figure 3A.
The measured peak amplitude and 10–90% rise time of sponta-
neous IPSCs showed no significant differences among cells (Fig.
3C,D). To further illustrate the difference in sIPSC decay times,
event histograms (Fig. 3E) were constructed from 100 individual
sIPSCs recorded on a CA1 pyramidal neuron (control; P17) and
an age-matched heterotopic pyramidal neuron (MAM; P17).
Note the shift toward longer decay time constants for the heter-
otopic neuron. In a small number of experiments, tetrodotoxin (1
�M) was added to the bathing medium to isolate miniature
IPSCs. Consistent with our sIPSC findings, mIPSCs recorded on
heterotopic pyramidal neurons were also characterized by a pro-
longed decay time constant (control CA1, 5.6 � 0.1 msec, n � 11;
MAM normotopic, 5.3 � 0.2 msec, n � 11; MAM heterotopic,
10.6 � 0.3 msec, n � 11; ANOVA; p � 0.001). Similar to a recent
study using the irradiation model of cortical dysplasia indicating a
decrease in IPSC frequency (Zhu and Roper, 2000), spontaneous
and miniature IPSC frequencies were observed to be significantly
lower for heterotopic cells (sIPSC, 1.00 � 0.14 Hz; mIPSC,
0.34 � 0.04 Hz; ANOVA; p � 0.001) compared with age-matched
CA1 pyramidal (sIPSC, 2.02 � 0.37 Hz; mIPSC, 0.88 � 0.04 Hz)
or normotopic pyramidal (sIPSC, 2.21 � 0.24 Hz; mIPSC, 0.87 �
0.16 Hz) cells; however, in contrast to the irradiation model,
IPSC amplitudes were not increased in the MAM model (Fig.
3C), and no change in interneuron density has been observed
(Baraban et al., 2000). Together, our data demonstrating that
IPSCs (evoked or spontaneous) onto heterotopic neurons exhibit
a dramatically prolonged decay phase suggests enhanced
GABAergic inhibitory action at these synapses.

Responses to exogenously applied GABA
Altered postsynaptic GABA receptor expression or density can
result in prolonged inhibitory synaptic currents and has been
observed in several animal models of epilepsy (Rice et al., 1996;
Brooks-Kayal et al., 1998; Molnar et al., 2000; Coulter, 2001), as
well as tissue excised from temporal lobe epilepsy patients (Wil-
liamson et al., 1995; Loup et al., 2000). To determine whether
inhibitory postsynaptic receptor function was altered, we tested
the response of individual neurons to focally applied GABA.
Somatic application of GABA (5 mM) onto CA1 pyramidal neu-
rons voltage clamped at 0 mV elicited a large outward current
with a rapid rise time (Fig. 4A,C). A smaller outward current
with a slower rise time could be evoked by focal application at the
dendrite (�100 �m from the cell soma) (Fig. 4A,B). No differ-
ences in amplitude or rise time were observed when comparing
GABA-evoked current responses from CA1 pyramidal neurons
with those from normotopic or heterotopic pyramidal neurons
(ANOVA; p � 0.05) (Fig. 4A–C). Coapplication of 10 �M BMI in
the perfusion medium completely blocked GABA responses,
indicating the involvement of a GABAA receptor (data not
shown). Together, these studies demonstrating similar postsynaptic

Figure 1. Nodular heterotopia in rats exposed to MAM in utero. A,
Coronal hippocampal tissue section stained with the neuron-specific an-
tibody neuronal-specific nuclear protein (Mullen et al., 1992). Note the
presence of a cluster of displaced, pyramidal-like neurons in stratum CA1
pyramidale. B, Frame-grabber image of an acute hippocampal slice (300
�m) under direct IR-DIC visualization (10�). A nodular heterotopia in
CA1 is indicated by the arrow. C, IR-DIC image of displaced, pyramidal-
like neurons at higher magnification (40�). CA1, Stratum CA1 pyrami-
dale; CA3, stratum CA3 pyramidale; DG, dentate gyrus; Het, nodular
heterotopia.
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responses to exogenously applied GABA do not provideevidence
supporting a hypothesis of altered postsynaptic GABAA receptor
function at heterotopic synapses.

Evidence for dysfunctional GABA transport
The results thus far suggest prolonged GABAergic inhibition at
heterotopic synapses. If the long IPSCs observed resulted from
altered GABA transport and reuptake, we would predict (1) an
increase in the duration of spontaneous or evoked GABA re-
sponses (Figs. 2, 3) and (2) prolongation of GABA responses in
control cells during blockade of GATs with no change in GABA
responses for heterotopic neurons using a GAT inhibitor. To test
the latter hypothesis, we examined the kinetic properties of
evoked IPSCs in the presence of tiagabine (electrogenic GAT
inhibitor) (Braestrup et al., 1990) and NO-711 (a selective GAT-1
inhibitor) (Borden et al., 1994). Bath application of tiagabine (20
�M) had no effect on the decay time constant for eIPSCs recorded
on heterotopic neurons in slices from MAM-exposed rats
(ANOVA; p � 0.2). In contrast, tiagabine produced a significant
prolongation of the decay time constant for eIPSCs recorded on
CA1 pyramidal cells (control) and normotopic pyramidal cells
(MAM) (ANOVA; p � 0.05) (Fig. 5A). Experiments performed
with the GAT-1 specific inhibitor NO-711 produced similar re-
sults (Fig. 5B). We also examined the kinetic properties of spon-
taneous IPSCs in the presence of NO-711. Similarly, bath appli-
cation of NO-711 (50 �M) had no effect on the decay time
constant for sIPSCs recorded on heterotopic neurons (ANOVA;
p � 0.9) but produced a significant prolongation of the decay time
constant for sIPSCs recorded on CA1 pyramidal cells (control)

and normotopic pyramidal cells (MAM) (ANOVA; p � 0.05).
These findings suggest that altered GABA reuptake plays a role
in the prolongation of IPSCs observed at heterotopic synapses.

In an additional set of experiments, we further analyzed the
responses to focally applied GABA at baseline and after coap-
plication of GAT inhibitors. Closer examination of GABA-
evoked responses after a 10 msec pulse at the cell soma of all
heterotopic neurons revealed a long-lasting (16–24 sec) “late”
outward current (Fig. 6A). This late GABA-evoked current was
not observed on CA1 pyramidal or normotopic pyramidal neu-
rons under baseline recording conditions. Consistent with previ-
ous findings (Fig. 4C), analysis of the early GABA response did
not show any significant differences in parameters such as half-
width or decay time constant (Fig. 6B). If there is no alteration in
postsynaptic GABA receptor function on heterotopic neurons,
then we hypothesize that this late response is attributable to
decreased GABA reuptake mediated by a GABA transporter. To
test this possibility, somatic application of GABA on normotopic
CA1 pyramidal cells (MAM) and control CA1 pyramidal cells
was performed in the presence of NO-711. In both cases, a
long-lasting (late) outward current was elicited when GABA was
focally applied at the cell soma in the presence of a GAT-1
inhibitor (Fig. 6D). Because pharmacological inhibition of GABA
transport results in inhibitory responses on normal pyramidal
cells that are nearly identical to those obtained on heterotopic
cells under baseline recording conditions (Fig. 6, compare A, D),
we conclude that a GAT defect underlies the prolonged GABAer-
gic synaptic current observed at heterotopic synapses.

Figure 2. Evoked IPSCs. A, Representative
eIPSC recordings obtained in hippocampal
slices from control animals (CA1 pyramidal
and layer II /III supragranular neocortex)
and MAM-exposed rats (normotopic, hete-
rotopic, and interneuron). Each trace is an
average of six sweeps. B, Normalized traces
comparing a heterotopic neuron with a CA1
control cell (top) and a normotopic pyrami-
dal cell (bottom). Note that the decay of the
evoked IPSC is significantly prolonged for
heterotopic pyramidal neurons compared
with the two other cell types. C, Plot of the
decay time constant for all cells. Data are
presented as the mean � SEM; *p � 0.001
using a one-way ANOVA. Each bar repre-
sents 5–13 cells. normo, Normotopic; het;
heterotopic; Int, interneuron; Ctx, cortex.
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Expression of GABA transporters
GABA plasma membrane transporters influence synaptic trans-
mission by removing GABA from the extracellular space
(Soudijn and van Wijngaarden, 2000). To explore the expression
and distribution patterns of GABA transporters in the dysplastic
MAM brain, immunohistochemical studies using antibodies to

GAT-1, GAT-2, and GAT-3 were performed. In tissue sections
from control rats, immunolabeling for GAT-1 was found through-
out the hippocampal formation with strong immunoreactivity in a
fine reticular network pattern around the neuropil, as reported
previously (Ribak et al., 1996). In particular, somata of unlabeled
principal neurons and pyramidal and granule cells were distinctly

Figure 3. Spontaneous IPSCs. A, Representative sIPSC recordings in hippocampal slices from control and MAM-exposed rats. Individual events are
shown at a faster time resolution at the right of each trace (asterisk in lef t trace). B–D, Plot of the cumulative data for all cells. sIPSC decay time constant,
amplitude, and 10–90% rise time are shown. Data are presented as the mean � SEM; *p � 0.001 using a one-way ANOVA. Each bar represents 14–21
cells. E, Representative event histograms for a control CA1 pyramidal neuron and an age-matched heterotopic cell at P17. Decay time constants are
plotted for 100 individual sIPSC events; arrowhead indicates mean. Note the shift toward sIPSCs with longer decay time constants in the heterotopic
cell. normo, Normotopic; het; heterotopic; Int, interneuron; Ctx, cortex.
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outlined by GAT-1-labeled puncta (Fig. 7A1,A2). A similar im-
munolabeling pattern was observed around normotopic CA1 and
granule cells in tissue sections from MAM-exposed rats. How-
ever, GAT-1 staining appeared more diffuse in the MAM-
exposed animals, with a less prominent somatic staining pattern
in regions containing heterotopic neurons (Fig. 7B1,B2). Dense
GAT-3 immunoreactivity, with prominent puncta around princi-
pal cells, was also observed in hippocampal tissue sections from
control rats (Fig. 7C). Similarly, but perhaps not as dramatically
as for GAT-1, GAT-3 immunolabeling was diffuse in heterotopic
cell regions of hippocampal sections from MAM-exposed rats.
GAT-3 immunolabeling around normotopic principal cells was
prominent (Fig. 7D). GAT-2 was not prominently expressed in
hippocampal tissue sections from control or MAM rat brains
(data not shown), suggesting that this is not a major GABA
transporter in the hippocampus, as reported previously (Durkin
et al., 1995). The localization of GAT-1 and GAT-3 in the
hippocampal formation is consistent with a role for these trans-
porters in reuptake of GABA from the synaptic cleft, and our
finding of diffuse GAT immunolabeling (specifically, GAT-1) in
heterotopic cell regions provides a structural correlate to the
prolonged IPSC decay kinetics and GABA transporter pharma-
cology defects observed at heterotopic synapses.

DISCUSSION
Since the observation that malformed brain structure is associ-
ated with intractable forms of epilepsy, there has been a great
deal of interest in trying to understand the function of dysplastic
neurons. Here we performed experiments to investigate the in-
fluence of GABAergic inhibition on hippocampal heterotopic
neurons in an animal model of malformation-associated epilepsy,
e.g., rats exposed to MAM in utero. Our main findings in these
animals include the following: (1) an alteration in the decay

kinetics of evoked and spontaneous IPSCs recorded on hetero-
topic neurons, (2) “normal” inhibitory responses for heterotopic
neurons after exogenous GABA application, (3) an inability to
alter IPSC decay kinetics when heterotopic neurons are exposed
to GABA transport inhibitors, and (4) a low level of GAT ex-
pression in heterotopic cell regions. Together, these results sug-
gest altered inhibitory synaptic function at heterotopic synapses
in the MAM model.

Abnormal electrical discharges, the hallmark of epilepsy, can
result from an imbalance between excitation and inhibition. One
mechanism to achieve this imbalance would be to alter inhibitory,
GABA-mediated synaptic function. Although this idea has re-
ceived widespread attention in the field of temporal lobe epilepsy
(Williamson et al., 1995; Rice et al., 1996; Coulter, 2001), little
systematic effort has been made to assess inhibitory synaptic
function in malformation-associated epilepsy. Here we examined
isolated IPSCs evoked by stimulation of GABAergic terminals or
during spontaneous release of GABA contained in synaptic ves-
icles. These experiments used well characterized electrophysio-
logical assays of GABAergic function, e.g., analysis of evoked and
spontaneous IPSC kinetics (Otis and Mody, 1992; Roepstorff and
Lambert, 1994; Salin and Prince, 1996; Jones and Westbrook,
1997). The main finding of our studies was that GABAergic
IPSCs recorded on heterotopic neurons, in hippocampal slices
from MAM-exposed rats, were marked by prolonged decay time
constants. In the absence of altered IPSC amplitudes or rise
times, these results can be interpreted as an increase in inhibition.
In contrast to findings in other cortical malformation models
(Prince et al., 1997; Rosen et al., 1998; Roper et al., 1999; Zhu
and Roper, 2000), these alterations do not appear to be associated
with a change in the number of GABAergic neurons in mal-
formed cell regions (Colacitti et al., 1999; Baraban et al., 2000).

Figure 4. GABA responses in control
and heterotopic neurons. A, Represen-
tative traces of responses to pico-
spritzer GABA application at the cell
soma (soma) or cell dendrite (dendrite)
at a concentration of 5 mM illustrating
the similarity in evoked responses be-
tween different cell types. B, Sche-
matic of the recording configuration
and picospritzer location. C, Plots of
the somatic and dendritic response to
local GABA application; GABA-
evoked current amplitude and 10 –90%
rise time are plotted. Data are pre-
sented as mean � SEM; each bar rep-
resents five cells. Normo, Normotopic;
het; heterotopic.
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Moreover, similar to observations made in human dysplastic
tissue (Ferrer et al., 1994; Spreafico et al., 1998, 2000), it is likely
that GABAergic innervation is increased (rather than decreased)
in these heterotopic cell regions. Functional changes supporting
an excitation–inhibition imbalance, i.e., a decrease in inhibitory
synaptic function or a reduced number of GABAergic interneu-
rons, are a common finding in several experimental and clinical
epilepsy conditions (de Lanerolle et al., 1989; Marco et al., 1996;
Buckmaster and Dudek, 1997; Gibbs et al., 1997; Brooks-Kayal et
al., 1998; Hirsch et al., 1999) but were not observed here. As such,
our findings do not support the hypothesis that excitation–
inhibition is altered in a manner supporting the generation of
abnormal electrical discharges in the MAM model of cortical
malformations. Moreover, our findings suggest a functional en-
hancement of GABAergic inhibitory action at heterotopic syn-
apses that may serve to dampen the intrinsic hyperexcitability of
heterotopic cells and suppress (rather than support) seizure
activity.

Because changes in postsynaptic GABA receptor expression

have been observed in temporal lobe epilepsy and could directly
alter inhibitory current kinetics, we considered the possibility that
a change in postsynaptic receptor function occurs. If we believe
that altered postsynaptic GABA receptor function–expression
contributes to the observed prolongation of decay time constants,
then we would expect exogenous GABA application onto heter-
otopic cells to evoke inhibitory response that are larger than
GABA-evoked responses on control neurons. In experiments
using focal application of GABA, we failed to observe differences
in the response of heterotopic neurons to these manipulations
when comparing different groups of cells. For example, focal
GABA application evoked similar current profiles for all cells
tested. A more subtle alteration, such as a shift in the type of
GABA receptor subunit expressed on heterotopic neurons
(Brooks-Kayal et al., 1998; DeFazio and Hablitz, 1999) or altered
GABAA receptor desensitization kinetics (Jones and Westbrook,
1995) are plausible alternative explanations for the slower decay
time constants observed here and cannot be directly ruled out at
this time. However, these alterations normally produce a modest

Figure 5. GABA transport inhibitors do not
alter eIPSC responses on heterotopic neurons.
A, Normalized traces of evoked IPSC re-
sponses before (Baseline) and �7 min after
application of tiagabine (A1) or NO-711 (B2).
Note the prolongation of eIPSC decay in the
presence of a GABA transport inhibitor for
CA1 control pyramidal and normotopic
(Normo) neurons. These drugs did not alter the
eIPSC recorded on heterotopic (Het) neurons.
Cumulative data for all GABA transport inhib-
itor experiments are plotted for decay time
constants (A2, tiagabine; B2, NO-711) and
eIPSC amplitudes (A3, tiagabine; B3, NO-711).
Data are presented as mean � SEM; each bar
represents 8–16 cells. *p � 0.001 using a one-
way ANOVA. The IPSC responses before and
after the application of GABA transport inhib-
itor were scaled to the same peak amplitude
(i.e., normalized).
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change in decay kinetics and are unlikely to account for the nearly
twofold change in decay time constants observed. Thus, at the
present time, our results do not provide evidence suggesting a
role for either enhanced presynaptic GABA release or impaired
postsynaptic GABA receptor function in the MAM model.

Another explanation that could explain the prolonged GABA-

ergic IPSCs observed at heterotopic synapses is an alteration of
GABA transport–reuptake mechanisms in these dysplastic brain
regions. If the kinetics of the GABA transporter are altered or a
decrease in the expression of GABA transporters occurs, one
would predict that GABA would remain in the synaptic cleft for
a prolonged period, resulting in slow postsynaptic IPSC decay
kinetics. At normal hippocampal synapses, evoked IPSC decay
time constants become prolonged during application of a GABA
reuptake blocker (Dingledine and Korn, 1985; Hablitz and Leb-
eda, 1985; Rekling et al., 1990; Thompson and Gahwiler, 1992).
These findings suggest that removal of GABA by transporter
reuptake systems plays a major role in the termination of a
stimulus-evoked IPSC. In support of the hypothesis that GABA
transporter function is altered at heterotopic synapses, we ob-
served that GABA reuptake blockers (tiagabine and NO-711)
prolonged the decay time constant of evoked IPSCs onto control
cells but had no effect on heterotopic cells. Additional support for
this hypothesis comes from our observation that “excessive” focal
application of a saturating concentration of GABA (i.e., a condi-

Figure 6. Local GABA applications in the presence of a GABA trans-
port inhibitor. A, Representative trace from a heterotopic pyramidal
neuron during somatic GABA application (5 mM). Note the presence of
an outward current with early and late components. B, Plot of the
half-width for GABA-evoked somatic currents. Data plotted represent
the early outward current component. C, Plot of the decay time constant
for GABA-evoked somatic currents. Data are presented as mean � SEM.
D, Traces showing a GABA-evoked somatic current before (baseline) and
�7 min after bath application of NO-711. Note that a late outward
current (arrow) appears during perfusion with the GABA transport
inhibitor. Normo, Normotopic; Het, heterotopic.

Figure 7. GABA transporter expression. A1, Coronal hippocampal sec-
tion showing GAT-1 labeling around cell bodies in CA1–CA3 stratum
pyramidale and granule cells of the dentate gyrus. This section is from a
control, saline-treated rat. A2, A close-up section of CA1 showing GAT-1
staining at higher resolution (location indicated by asterisk in A1). B1, B2,
GAT-1 labeling for a coronal hippocampal section from an MAM-
exposed rat at low (B1)- and high (B2)-power magnification. Note the
diffuse GAT-1 labeling around cell bodies in the nodular heterotopia
(arrows). C, D, Same for GAT-3. Magnification (Zeiss stereoscope): A1,
B1, C, D, 1.6�; A2, B2, 132�. Scale bars: A1, B1, 600 �m; A2, B2, 80 �m;
C, D, 500 �m. CA1, Stratum CA1 pyramidale; CA3, stratum CA3 pyra-
midale; DG, dentate gyrus.
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tion in which reuptake mechanisms play a major role in the
clearance of transmitter) at heterotopic cell somata elicited a dual
component response with the slow late response, suggestive of an
inability to clear GABA from the synaptic cleft. These latter
observations are further supported by experiments on control
neurons wherein focal GABA application concomitant with bath
application of a GABA transporter blocker elicited similar dual
component responses. Finally, our electrophysiological observa-
tions were supported by immunohistochemical results indicating a
diffuse (perhaps reduced level) of hippocampal GABA trans-
porter expression in hippocampal heterotopia. For example,
GAT-1 expression was barely detectable in heterotopic cell re-
gions of MAM-exposed rats (Fig. 7). It is interesting to note that
a change in the number and/or distribution of GABA transport-
ers has been observed in the brains of kindled or pilocarpine-
treated rats and in tissue from epileptic patients with cortical
dysplasia (During et al., 1995; Hirao et al., 1998; Andre et al.,
2001), although, in both examples, it was suggested that these
changes contribute to a preservation of inhibitory tone (in re-
sponse to a loss of interneurons) and an exacerbation of epilep-
tiform activity (via decreased probability for GABA heterotrans-
port). In contrast, our results are supportive of the hypothesis that
a GABA reuptake deficiency in dysplastic cell regions contributes
to the prolonged GABAergic IPSCs observed at heterotopic
synapses and increases functional inhibition.

In conclusion, the results reported here suggest that prolonged
GABA-evoked responses observed at heterotopic synapses are
attributable, at least in part, to a change in the function–distri-
bution of GABA transporters. In the presence of a functional
alteration in GABA transport mechanisms, GABA remains in the
synaptic cleft for a prolonged period in which it can influence the
strength of both inhibitory and excitatory synaptic transmission
(Isaacson et al., 1993; Soudijn and van Wijngaarden, 2000). It is
therefore reasonable to interpret our findings as providing a
mechanism to reduce the intrinsic hyperexcitability associated
with a nodular heterotopia. Whether the observed alterations in
GABA inhibition are the result of a neurodevelopmental abnor-
mality induced by prenatal MAM exposure or represent some
type of postnatal compensatory response is not known at this
time. However, it is already well established that spontaneous
seizure activity is not common in the MAM model of
malformation-associated epilepsy (Baraban and Schwartzkroin,
1995; Germano et al., 1996; Baraban et al., 2000), and humans
with cortical dysplasia do not always exhibit a severe epileptic
phenotype (Andermann, 2000). Therefore, our findings provide a
plausible explanation for these puzzling “seizure suppression”
observations and offer additional insight into the function of a
malformed brain.
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