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Malformations of the neocortex are a common cause of human epilepsy; however, the critical issue of how disturbances in cortical
organization render neurons epileptogenic remains controversial. The present study addressed this issue by studying inhibitory struc-
ture and function before seizure onset in the telencephalic internal structural heterotopia (tish) rat, which is a genetic model of height-
ened seizure susceptibility associated with a prominent neocortical malformation. Both normally positioned (normotopic) and mis-
placed (heterotopic) pyramidal neurons in the tish neocortex exhibited lower resting membrane potentials and a tendency toward higher
input resistance compared with pyramidal neurons from control brains. GABAergic synaptic transmission was attenuated in the tish
cortex, characterized by significant reductions in the frequency of spontaneous IPSCs (sIPSCs) and miniature IPSCs recorded from
pyramidal neurons. In addition, the amplitudes of sIPSCs were reduced in the tish neocortex, an effect that was more profound in the
normotopic cells. Immunohistochemical assessment of presynaptic GABAergic terminals showed a reduction in terminals surrounding
pyramidal cell somata in normotopic and heterotopic tish neocortex. The attenuation of inhibitory innervation was more prominent for
normotopic neurons and was associated with a reduction in a subset of GABAergic interneurons expressing the calcium-binding protein
parvalbumin. Together, these findings indicate that key facets of inhibitory GABAergic neurotransmission are disturbed before seizure
onset in a brain predisposed to developing seizures. Such alterations represent a rational substrate for reduced seizure thresholds
associated with certain cortical malformations.
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Introduction
Neocortical malformations can result from disturbances in a va-
riety of developmental processes such as migration, proliferation,
etc. (Rorke, 1994; Barkovich et al., 1996). Given the complexity of
these events, it is not surprising that neurons in a malformed
cortex may harbor aberrant physiological features that could
contribute to the generation of seizures and epilepsy (Barkovich
and Raybaud, 2004; Najm et al., 2004; Guerrini and Filippi,
2005). Studies performed on human brain tissue from surgical
resections indicate that dysplastic tissue is hyperexcitable com-
pared with surrounding eloquent tissue (Schwartzkroin and
Knowles, 1984; Reid and Palovcik, 1989; Mattia et al., 1995; Avoli
et al., 1999, 2003). However, the inherent limitations of experi-
ments involving human tissue and the inability to assess neural
function before seizure onset have limited progress in character-
izing the cause(s) of epileptogenesis.

Animal models of cortical malformation provide opportuni-
ties to define disturbances that predispose dysplastic brains to
epilepsy. A particularly useful animal for this purpose is the

seizure-prone genetic mutant termed the telencephalic internal
structural heterotopia (tish) rat. An autosomal recessive muta-
tion in the tish rat results in the development of bilateral subcor-
tical band heterotopia reminiscent of those found in the human
seizure disorder of subcortical band heterotopia or double cortex
(Lee et al., 1997). The heterotopia consist of misplaced cortical
neurons and glia that retain several basic features of normal neo-
cortex, including topographic connectivity with subcortical tar-
gets (Lee et al., 1997, 1998; Schottler et al., 1998, 2001). However,
the heterotopic neurons fail to orient and laminate as in typical
neocortex. Overlying the heterotopia is an area of the neocortex
termed “normotopic cortex” that is thinner than normal neocor-
tex but maintains proper orientation and lamination of its pri-
mary neurons (Lee et al., 1997, 1998, 1999; Schottler et al., 1998,
2001). Electrophysiological studies have demonstrated that
spontaneous seizure activity occurs in both normotopic and het-
erotopic areas of the adult tish neocortex, but that the normo-
topic area is more prone to develop aberrant discharge activity
(Chen et al., 2000). Key advantages of the tish rat for studying
functional disturbances associated with a cortical malformation
are (1) the heterotopia are genetically heritable (i.e., no experi-
mental manipulation is required to induce the malformation)
and (2) the animals are naturally prone to develop recurrent
spontaneous seizures (Lee et al., 1997; Chen et al. 2000).

The present study examined the role of disturbed GABAergic
synaptic transmission in predisposing the tish brain to seizures.
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Human and animal studies of malformed neocortex have impli-
cated alterations in GABAergic synaptic transmission as leading
candidates to underlie seizures in dysplastic tissue (Schwartz
kroin et al., 2004; Avoli et al., 2005). We used whole-cell record-
ings of pyramidal neurons to characterize IPSCs and intrinsic
membrane characteristics at a developmental stage before seizure
onset in the tish brain. The distribution of GABAergic interneu-
rons and terminals was also examined. This study provides evi-
dence for attenuated GABAergic synaptic transmission and dis-
turbed interneuron distribution in the tish neocortex. These
alterations in synaptic inhibition and cellular distribution are in a
key position to contribute to epileptogenesis in a brain with cor-
tical heterotopia.

Materials and Methods
Animals and breeding. Animals were housed at 22°C on a standard light/
dark schedule with ad libitum access to food and water. Animals were
handled according to National Institutes of Health animal care and use
guidelines and a protocol approved by the University of Virginia Animal
Care and Use Committee. The inheritance pattern of the tish phenotype
suggests an autosomal recessive mutation in a single gene, requiring two
copies to display a heterotopia. Thus, litters of homozygotic experimen-
tal animals could have been generated using a homozygotic tish female
mated to a homozygotic tish male. However, this strategy raised the issue
of whether or not the mother had seizures while pregnant, and whether
or not this affected the neurological development of those pups. Instead,
we used a heterozygotic tish female and mated her to a homozygotic tish
male, which resulted in a litter of 50% heterozygotic animals, without
cortical heterotopia, and 50% homozygotic, heterotopia-bearing ani-
mals. Male wild-type Sprague Dawley rats and homozygotic tish rats of
Sprague Dawley background were selected for experimentation on post-
natal day 15 (P15), with the day of birth considered as P1. This age
represents a pre-seizure time point, which is important because we
wanted to study possible mechanisms leading up to seizures, but not
alterations as a result of seizures. This age is consistent with previous
observations that seizure onset does not occur until at least P30.

Brain slice preparation. Animals were anesthetized with halothane be-
fore decapitation, followed by quick removal of the brain, which was
sectioned to 350 �m using a vibratome stage at 4°C in oxygenated high-
sucrose artificial CSF (ACSF) containing the following (in mM): 248
sucrose, 127 NaCl, 2 KCl, 25.7 KH2PO4, 1.5 NaHCO3, 1.1 D-glucose, 2.4
CaCl2, and 1.5 MgSO4; osmolarity 300 –305. The slices were stored in
oxygenated ACSF containing the following (in mM): 127 NaCl, 2 KCl, 1.1
KH2PO4, 25.7 NaHCO3, 10 D-glucose, 1.5 CaCl2, and 1.5 MgSO4; osmo-
larity 300 –305. They were held in this chamber at 32°C for 60 min before
transfer to the recording chamber mounted to the stage of an Olympus
(Tokyo, Japan) BX51 microscope.

Whole-cell recording. Whole-cell patch-clamp recordings were per-
formed using infrared differential interference contrast (IR-DIC) mi-
croscopy and a 40� water-immersion objective to visually identify layer
V pyramidal neurons in control neocortex and in the normotopic region
of homozygotic tish animals. Layer V neurons were selected for analysis
because they are a major source of efferent projections from the neocor-
tex and have been implicated in epileptogenesis (Connors and Telfeian,
2000). In addition, large pyramidal neurons were targeted in the hetero-
topia of homozygotic tish animals. Slices were continuously superfused
with ACSF identical to the storage solution saturated with 95%O2–
5%CO2 at room temperature. Electrodes (2– 4 M�) were pulled from
1.5-mm-outer-diameter borosilicate glass capillary tubing on a horizon-
tal Flaming-Brown microelectrode puller. Biocytin (0.1%) was included
in the internal solution to confirm the pyramidal morphology of cells
selected for experimentation. For current clamp recordings, the pipettes
were filled with a solution containing the following (in mM): 135.0
K-gluconate, 7.0 KCl, 10 HEPES, 0.5 EGTA, 2.5 NaCl, 4 ATP-Mg salt; pH
adjusted to 7.4 with KOH, osmolarity 285–290. A brief suprathreshold
current pulse was applied to evoke action potential trains in the cell. For
voltage-clamp recordings, the electrode solution was sterile filtered and

contained cesium to block potassium channels (in mM): 153.3 CsCl, 1.0
MgCl2, 10 HEPES, 5 EGTA, 3 ATP-Mg salt; pH adjusted to 7.4 with
CsOH, osmolarity 285–290. The cell was voltage clamped to �60 mV for
the duration of the recording, which was between 10 and 30 min. Access
resistance was monitored by applying a 10 ms square conductance pulse.
Data were recorded at a rate of 10 kHz rate using a Digidata 1322 digitizer
with Axopatch 1D and 200B amplifiers, filtered at 5 kHz. To measure
spontaneous IPSCs (sIPSCs), DL-2-amino-5-phosphonopentanoic acid
(50 �M) and 6-cyano-77-nitroquinoxaline-2,3-dione (20 �M) were
added to the superfusion ACSF to block NMDA and AMPA/kainate
receptor-mediated currents, respectively. To study miniature IPSCs
(mIPSCs), we switched to a solution containing APV, DNQX, and tetro-
dotoxin (1.0 �M) to block voltage-gated sodium channels and thus block
action potential-mediated events. For experiments examining the effect
of increased probability of release, the ACSF was identical to that used for
sIPSCs but contained low Mg 2� (0.5 mM) and high Ca 2� (3.0 mM). In
experiments blocking N- or P/Q-type calcium channel function,
�-conotoxin-GVIa (1 �M) and �-agatoxin-IVa (500 nM) (Bachem, Tor-
rance, CA), respectively, were added to the sIPSC solution along with
0.001% bovine serum albumin (BSA) to prevent adsorption of the toxin
to surfaces. Bicuculline (20 �M), a GABA receptor competitive antago-
nist, was applied at the end of the experiment to verify that these currents
were indeed GABA mediated.

Data analysis and statistics. Data were analyzed using Clampfit 8 (Mo-
lecular Devices, Union City, CA) and MiniAnalysis (Synaptosoft, Deca-
tur, GA). Each event in the 10 –30 min recording was visually inspected
for proper detection. The threshold for detection was set to three times
the root mean square of baseline noise. The recording was terminated if
the resistance increased by �25% during the experiment. Data values
were expressed as the mean � SEM unless noted otherwise. p values
represent the results of Student’s t test analysis, with p � 0.05 indicating
the level of significance. Drug application data were analyzed using a
paired t test. The mIPSC amplitude is described by median values be-
cause their values were not normally distributed as a result of the loss of
smaller currents in background noise. The median mIPSC amplitudes
were then averaged, and the mean of medians � SEM are reported. All
statistical comparisons were performed using Prism software (Graph
Pad, San Diego, CA). Gaussian distributions were best fit using Origin
software (Northampton, MA) with the following equation:

y � yo �
A

w � ���/2�
e�

2� x�x0�2

w2 ,

where y0 is the baseline offset, A is the total area under the curve from the
baseline, x0 is the center of the peak, w is 2 “�”, 	0.849 the width of the
peak at half height.

Recordings selected for Gaussian fitting consisted of at least 400 indi-
vidual IPSC events without any evidence of rundown of IPSC amplitudes
or change in input resistance.

Biocytin-filled cells. As described previously by Zhang (2004), slices
possessing biocytin-filled cells were carefully removed from the record-
ing chamber and fixed by immersion in 4% paraformaldehyde in 0.1 M

PBS overnight at 4°C, followed by two rinses in PBS (0.1 M). The slices
were then incubated in 3% H2O2 and 10% methanol in PBS (0.1 M) for
1 h at room temperature to quench endogenous peroxidase activity,
which was followed by five 5 min washes in PBS plus 0.1% Triton. Slices
were then incubated in streptavidin-conjugated peroxidase (2 �g/ml) in
PBS containing 2% Triton overnight at 4°C, rinsed five times in PBS plus
0.1% Triton, and reacted with 3,3
-diaminobenzidine tetrahydrochlo-
ride (0.06%) and H2O2 (0.003%) in PBS. The slices were mounted on
slides, air dried overnight, dehydrated through a series of ethanols (70 –
100%), followed by xylenes, embedded in Permount, and coverslipped.

Immunohistochemistry for interneurons. Animals were deeply anesthe-
tized with halothane, given intraperitoneal injections of a lethal dose of
chloral hydrate, and perfused transcardially with 0.1 M phosphate buffer
(PB), pH 7.4, followed by 4% paraformaldehyde in 0.1 M PB, pH 7.4. The
brains were removed and postfixed in the same fixative overnight at 4°C.
After incubation until sinking in 30% sucrose in 0.1 M PB for cryopro-
tection, the brains were frozen rapidly and sectioned coronally to 30 �M
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on a cryostat. Sections were then processed for immunohistochemistry.
Briefly, sections were washed three times in 0.1 M PBS, pH 7.4, and
incubated with blocking solution containing 5% normal goat serum
(Jackson Immunoresearch, West Grove, PA), 0.1% BSA (Jackson Immu-
noresearch), and 0.3% Triton X-100 in 0.1 M PBS for 1 h at room tem-
perature. Tissue sections were then incubated with the primary antibod-
ies diluted in PBS containing 1% normal goat serum, 0.2% BSA, and
0.3% Triton X-100 at 4°C for 48 –72 h on a shaker. The following con-
centrations of primary antibodies were used: monoclonal mouse anti-
neuronal nuclei (NeuN; 1:200, MAB377; Chemicon, Temecula, CA);
polyclonal rabbit anti-glutamic acid decarboxylase, 65 kDa isoform
(GAD-65; 1:1000, AB5082; Chemicon); monoclonal mouse anti-
parvalbumin antibody (1:2000, P3088; Sigma, St. Louis, MO); polyclonal
rabbit anti-somatostatin antibody (1:2000, T-4546; Peninsula Laborato-
ries, San Carlos, CA); polyclonal rabbit anti-cholecystokinin antibody
(1:6000, C2581; Sigma). Sections were then washed six times in PBS plus
0.1% Triton X-100 and incubated in secondary antibodies in either a
combination of goat anti-rabbit IgG conjugated with Alexa 488 fluoro-
chrome/goat anti-mouse IgG conjugated with Alexa 594 fluorochrome
or goat anti-rabbit IgG conjugated with Alexa 594 fluorochrome/goat
anti-mouse IgG conjugated with Alexa 488 fluorochrome, 4 �g/ml (In-
vitrogen, Eugene, OR) diluted in PBS containing 1% normal goat serum,
0.2% BSA, and 0.3% Triton X-100 for 1 h on a shaker at room tempera-
ture in darkness. Sections were then washed six times in PBS plus 0.1%
Triton X-100, mounted on slides, air dried, and coverslipped with Gel/
Mount (Biomeda, Foster City, CA), and the edge of each coverslip was
sealed with clear nail polish. Slides were stored at �20°C.

Image acquisition and analysis. Fluorescent images of representative
sections were captured on a CoolSnap cf CCD camera (Roper Scientific
Photometrics, Tucson, AZ) mounted on an Eclipse TE200 fluorescent
microscope (Nikon, Tokyo, Japan) driven by MetaMorph imaging soft-
ware (Universal Imaging, Downington, PA). High-resolution digital im-
ages of each fluorochrome were acquired with a 60�/1.4 numerical ap-
erture lens. Brightness and contrast of fluorescent images were adjusted
with MetaMorph software to limit weak diffuse background labeling.
Images were saved as 8-bit TIFF files and opened in Adobe Photoshop 6.0
(Adobe Systems, San Jose, CA), where overall brightness was increased
for final production.

For the study of interneuron distributions, images of somatosensory
cortex (and heterotopic cortex) were captured with a low-magnification
objective lens (4�). Coronal sections located between �0.2 and �0.7
mm relative to bregma were selected for cell counting (Paxinos and
Watson, 1998). Cell counts were obtained from four control and five tish
brains using two sections per brain. For quantitative analysis of interneu-
ron profiles in control brains, a contour of the cortex was drawn between
the pia of the somatosensory neocortex and the underlying subcortical
white matter, which represented an area of 	9 mm 2 per section. To
measure profiles in normotopic neocortex, a contour was drawn
bounded by the pia of the somatosensory neocortex and the white matter
that separates this region from the heterotopia. To measure profiles in
the heterotopia, a contour was drawn bounded by the white matter that
separates this region from the normotopic neocortex and the subcortical
white matter. Interneuron profiles within the contour were quantified
using MetaMorph 6.03 software (Universal Imaging). The same thresh-
old was applied to all images acquired. Most of the antigens were revealed
as individual profiles, which were considered as individual objects in
binary images. An aggregation of 20 –1000 pixels of intensity at least twice
the background intensity was considered a profile. Data were analyzed
using Prism 4.0 software (Graph Pad). All values are reported as mean �
SEM.

Results
Neocortical neurons in control and tish rats
Homozygous tish rats exhibit a profound cortical malformation
characterized by bilateral heterotopia at the base of the neocortex
(Lee et al., 1997, 1998). Both the heterotopic and overlying nor-
motopic areas are composed of neocortical cells, with a thin layer
of white matter separating the two areas (Fig. 1A,B). The overly-

ing normotopic area retains a six-layered organization, although
it is thinner than the neocortex from control animals (Fig. 1A,B).
The identity of cortical layers in the normotopic area has been
established in previous studies based on cellular composition and
characteristic afferent and efferent connectivity (Lee et al., 1997;
Schottler et al., 1998).

Biocytin-filled layer V neurons in the control neocortex ex-
hibited large pyramidal somata with radially oriented apical den-
drites, some of which extended to layer I, and typical basal den-
drites (Fig. 1C). Axon-like projections were observed coursing
into the subjacent cortical white matter, with multiple axon col-
laterals arborizing in the cortical gray matter. Similarly, cells in
layer V of the normotopic area of the tish brain possessed large
pyramidal somata with prominent, radially oriented dendrites
(Fig. 1D,E). In some cases, the apical dendrites exhibited a more
tortuous appearance as they ascend toward layer I. Typical-
appearing dendrites and axons emanated from the basal surface
of the pyramidal somata. Labeled axons were observed to pene-
trate the white matter separating the neocortex from the hetero-
topia with collaterals projecting into the subjacent heterotopia
and/or toward the internal capsule. Thus, layer V pyramidal neu-
rons in the normotopic area of the tish cortex (normotopic neu-
rons) retain a pyramidal phenotype with proper lamination and
orientation, although the tortuousity of their dendrites appeared
to be increased in some cases.

Large pyramidal neurons with prominent apical and basal
dendrites were also readily identified in the heterotopic area of in
vitro slices using IR-DIC. Biocytin labeling of large heterotopic
pyramidal cells revealed neurons similar in appearance to those
found in layer V of the control and tish normotopic neocortices,
with two key distinctions. First, the orientation of the apical den-
drite was variable with most cells not exhibiting typical radial
orientation (Fig. 1D,F). Second, in some cases, the apical den-
drites curved as they approached the edge of the heterotopia and
followed the contour of the surrounding white matter. Other-
wise, the size of the cells (i.e., the largest in the neocortex), their
pyramidal shape, and general dendritic appearance were similar
to those of layer V pyramidal neurons. The placements, orienta-
tions, and morphologies of the labeled heterotopic cells are also
characteristic of corticospinal neurons identified in previous
studies of the tish heterotopic area (Lee et al., 1997; Schottler et
al., 1998).

Membrane properties
Membrane properties were characterized in control, normo-
topic, and heterotopic neocortical neurons using whole-cell
current-clamp recordings obtained from in vitro slices (Fig. 1G,
Table 1). In response to a suprathreshold current pulse, control
neurons demonstrated a train of action potentials typical of layer
V pyramidal neurons in rats 15 d of age, described by regular
spiking with moderate adaptation in spike frequency (Zhang,
2004). These characteristics were also present in the pyramidal
cells selected from both regions of the tish brain. Normotopic and
heterotopic neurons in the tish neocortex were slightly but sig-
nificantly more depolarized at rest than layer V neurons in con-
trol animals (Table 1). In addition, the input resistances of nor-
motopic and heterotopic neurons tended to be higher than those
observed in cells from control slices; however, these differences
did not attain statistical significance. Membrane capacitances of
normotopic, heterotopic, and control cells were similar and did
not differ significantly among groups.
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Diminished GABAA receptor-mediated synaptic transmission
of normotopic tish neurons
Action potential-dependent sIPSCs were recorded in voltage-
clamp mode from normotopic layer V neurons of the tish neo-
cortex. sIPSCs recorded from normotopic neurons were less fre-
quent and smaller in amplitude compared with those recorded
from layer V neurons in control slices (Fig. 2A). Group data
comparisons demonstrated that sIPSC frequency was reduced by
45% and sIPSC amplitude was attenuated by 37% in normotopic
neurons compared with control neurons (Fig. 2B, Table 1). Ac-

cording to the quantal theory of GABAer-
gic synaptic transmission (Edwards et al.,
1990), the smaller amplitudes of sIPSCs
recorded from normotopic neurons could
result from smaller quantal size or dimin-
ished probability of multi-quantal release
during a sIPSC. Previous studies in con-
trol tissue have shown that the distribu-
tion of sIPSC amplitudes can be resolved
into multiple peaks and that enhancing
the probability of transmitter release in-
creases the number of peaks (Edwards et
al., 1990). We therefore investigated
whether the distribution of sIPSC ampli-
tudes was different in these two groups of
neurons. The amplitudes of sIPSCs re-
corded from control neurons (n � 6) were
pooled and fitted to an equation for mul-
tiple Gaussians using Origin software. The
amplitude distribution histogram could
be best fit to a sum of four Gaussians. The
peaks of the Gaussians were centered at 25,
37, 59, and 131 pA (Fig. 2C). Each Gauss-
ian contributed 22–27% of the overall
population of sIPSCs. In contrast, the am-
plitudes of sIPSCs pooled from normo-
topic neurons (n � 6) could be fit to only
three Gaussians, centered at 26, 38, and at
59 pA (Fig. 2C). This suggested a decreased
occurrence of multi-quantal, multi-
terminal release events in the tish brain com-
pared with controls.

To determine the quantal size in con-
trol and tish normotopic neurons, we
measured the amplitude of action
potential-independent mIPSCs. The am-
plitudes of mIPSCs recorded from nor-
motopic neurons and control neurons
were similar (Fig. 2A,B; Table 1), indicat-
ing that quantal size was comparable in
the two populations of neurons. The lower
amplitudes of sIPSCs recorded from nor-
motopic neurons were therefore not at-
tributable to smaller quantal size but likely
resulted from a lower probability of occur-
rence of multi-quantal events.

Increasing release probability did not
rescue GABA release in
normotopic neurons
It is possible that establishing conditions
that increase the probability of transmitter
release might overcome the attenuated re-

lease from GABAergic terminals onto normotopic neurons. This
possibility was examined by first recording sIPSCs in standard
medium and then facilitating release by changing to a medium
containing low magnesium (0.5 mM) and high calcium (3 mM).
The frequency of sIPSCs recorded from control cells increased by
87% in response to low Mg 2�/high Ca 2�conditions; this reflects
a robust increase in the release of presynaptic vesicles from con-
trol interneurons (Fig. 3A,B; Table 2). In contrast, sIPSC fre-
quency was only modestly and nonsignificantly increased (by

Figure 1. Cellular morphology and action potentials of pyramidal cells in the tish neocortex. A, B, Cresyl violet-stained coronal
sections of control (A) and tish (B) cortices. Typical six-layered cortical organization is observed in the control animal, whereas a
large, unlaminated heterotopia underlies a thinned six-layered cortex (normotopic cortex) in the tish rat. C–F, Biocytin-filled
neurons. C, Layer V pyramidal neurons in control animals display prominent apical and basal dendrites and a triangular soma. D,
E, Layer V pyramidal neurons in the normotopic tish cortex exhibit similar features, but the radial extent of the dendrites is shorter
because of the thinned cortex, and the apical dendrites appear more tortuous. D, F, Large pyramidal neurons in the heterotopia
lack typical radial orientation and lamination. G, Depolarization-evoked action potentials recorded from control, tish normotopic,
and tish heterotopic pyramidal neurons exhibited discharge patterns typical of layer V cells in P15 rat neocortex. Scale bars: A, B,
D, 250 �M; C, E, F, 100 �M. Con, Control; tt, tish; ttH, heterotopic area of tish cortex; ttN, normotopic tish cortex; WM, White matter;
HIP, CA1 region of hippocampus.

Trotter et al. • Reduced Synaptic Activity before Seizure Onset J. Neurosci., October 18, 2006 • 26(42):10756 –10767 • 10759



24%) in normotopic cells under the same
conditions. Thus, despite an enhanced
probability of release, the frequency of
sIPSCs in normotopic cells did not achieve
a level comparable to that recorded from
control neurons in standard recording
conditions (Fig. 3A,B; Table 2).

The effect of enhancing release proba-
bility on multi-quantal events was as-
sessed by comparing the amplitude distri-
bution histograms of sIPSCs recorded
before and after application of a low-
Mg 2�/high-Ca 2� medium. A typical ex-
ample for a control neuron is shown in
Figure 3, C and D. In standard medium,
the amplitude distribution could be best
fit to a sum of four Gaussians, with peaks
at 25, 42, 80, and 145 pA. In response to
low-Mg 2�/high-Ca 2� medium, an addi-
tional (fifth) Gaussian appeared with a
peak amplitude of 227 pA (Fig. 3D, Con,
arrow). In contrast, when the amplitudes
of sIPSCs recorded from a normotopic cell
in standard medium were analyzed, the
histogram could be fit to only three Gaus-
sians, with peaks at 26, 47, and 75 pA (Fig.
3C, ttN). In response to low-Mg 2�/high-
Ca 2� medium, a new population of larger
events emerged with a peak amplitude of
100 pA (Fig. 3D, ttN). However, the pop-
ulation of events for the fourth Gaussian
in normotopic neurons in low-Mg 2�/
high-Ca 2� medium (n � 4; range, 92–117
pA) was smaller than that observed for
control neurons in standard medium in
which the fourth peak ranged from 140 to
157 pA (n � 5). It is also noteworthy that
the amplitude distribution histograms
from normotopic cells exposed to low-
Mg 2�/high-Ca 2� medium did not dem-
onstrate a fifth peak. This contrasts with
the consistent fifth peak evoked under the
same conditions for control cells.

Inasmuch as neurotransmitter release
from presynaptic terminals is mediated by
entry of Ca 2� into the terminal via
voltage-gated Ca 2� channels, we tested
whether the expression and/or function of
Ca 2� channels on GABAergic presynaptic
terminals in the normotopic cortex was
reduced compared with control cortex.

Calcium channels on presynaptic
terminals innervating
normotopic neurons
In interneurons, high voltage-activated
N-type calcium channels are located spe-
cifically on synaptic terminals, are tightly
coupled to exocytosis, and play a predominant role in action
potential-mediated GABA release (Timmermann et al., 2002; Ali
and Nelson, 2006). This contrasts with the situation in other
central neurons in which P/Q-type channels play a dominant role
in synaptic release (Timmermann et al., 2002). Thus, one possible

explanation for disturbed GABA release from interneuron termi-
nals in response to action potentials is that the expression of
N-type channels is altered in the tish neocortex. To test the rela-
tive contributions of N-type versus P/Q-type channels for inter-
neuron GABA release, we used toxins that are highly specific

Table 1. Membrane and action potential properties in layer V pyramidal neurons of the neocortex

Control Normotopic Heterotopic

Membrane properties
RMP (mV) �61.5 � 0.5 (n � 20) �57.9 � 0.6** (n � 7) �56.2 � 0.9** (n � 6)
RN (M�) 56.0 � 2.3 (n � 28) 66.5 � 7.2 (n � 13) 65.8 � 5.9 (n � 12)
CM (pF) 0.94 � 0.06 (n � 21) 0.86 � 0.09 (n � 29) 0.90 � 0.06 (n � 35)

sIPSCs
Frequency (Hz) 4.00 � 0.56 2.21 � 0.42* 2.53 � 0.43*
Amplitude (pA) 71.9 � 9.3 47.0 � 3.0* 59.9 � 4.3
n 13 16 14

mIPSCs
Frequency (Hz) 2.45 � 0.34 1.60 � 0.23* 1.54 � 0.28*
Amplitude (pA) 43.6 � 2.5 42.5 � 2.2 45.6 � 3.1
n 13 16 16

*p � 0.05; **p � 0.001. RMP, Resting membrane potential; RN, input resistance; CM, membrane capacitance.

Figure 2. sIPSC and mIPSC measures are reduced in tish neocortex. A, Representative sIPSC and mIPSC recordings from control,
tish normotopic, and tish heterotopic neurons. sIPSCs in the normotopic cortex and heterotopia appear less frequent and smaller.
mIPSCs also appear to be less frequent in the tish cortex. B, Group data analyses reveal a significant reduction in sIPSC amplitude
in tish normotopic neurons and significantly less frequent sIPSCs and mIPSCs in both tish normotopic and tish heterotopic neurons.
mIPSC amplitude is similar for all groups. Values represent mean � SEM, except for the mIPSC amplitude measurements, which
represent mean of medians � SEM. *p � 0.05 (Student’s t test). C, sIPSC amplitude distribution histograms of data pooled from
five to six cells in each group. The pie chart insets represent the relative proportion that each Gaussian subpopulation contributed
to the total sIPSC amplitude population. The largest-amplitude Gaussian is absent from the tish normotopic neurons. Con, Control;
ttN, tish normotopic; ttH, tish heterotopic.
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blockers of each of the two calcium channel subtypes:
�-conotoxin-GVIa for N-type channels and �-agatoxin-IVa for
P/Q-type channels.

sIPSCs recorded in tish normotopic neurons were less sensi-
tive to blockade by �-conotoxin-GVIa than were those recorded
in control layer V neurons. After �-conotoxin-GVIa application,
sIPSC frequency and amplitude in control neurons were dimin-
ished by 38 and 39%, respectively (Fig. 4A–C). The values for
sIPSC measurements in the presence of �-conotoxin-GVIa were
similar to control mIPSC values in standard medium (Table 3).

This indicated that the action potential-
mediated activation of N-type calcium
channels was completely blocked and ver-
ifies the presence and function of N-type
channels on the terminals of control inter-
neurons. Treatment with �-conotoxin-
GVIa reduced the frequency and ampli-
tude of sIPSCs recorded from tish
normotopic neurons by 24 and 10%, re-
spectively (Fig. 4A,B; Table 3). Group
analysis of pooled data from eight cells did
not reveal a significant effect on sIPSC fre-
quency. However, pairwise comparisons
of each cell before and after �-conotoxin-
GVIa incubation revealed significant
reductions in frequency for all eight cells
tested [Kolmogorov–Smirnov (K-S) test].
Furthermore, the values for the sIPSC
measurements in the presence of �-cono-
toxin-GVIa were also similar to mIPSC
measurements obtained for normotopic
neurons in standard medium. These ob-
servations confirm the presence and func-
tion of N-type channels in tish normo-
topic interneuron terminals. However, the
magnitude of reduction in sIPSC values
when treated with �-conotoxin-GVIa was
far less in normotopic neurons than that
observed in control neurons under the
same conditions (Fig. 4, Table 3). This
could be attributable to a “floor effect” re-
sulting from the already low amplitude
and frequency of sIPSCs in the normo-
topic neurons in standard medium.

An alternative explanation for dimin-
ished sensitivity to �-conotoxin-GVIa in
tish normotopic cells is that a compensa-
tory shift in calcium channel subtypes

could have occurred. In particular, it is possible that a shift from
exclusive N-type channel participation in GABA release to partial
P/Q-type channel participation may have occurred in these neu-
rons. To test this concept, sIPSCs were measured before and dur-
ing incubation in medium containing the selective P/Q-type
channel blocker �-agatoxin-IVa. As shown in Figure 4D and
Table 4, the blockade of P/Q-type channels did not exert a signif-
icant effect on group analysis of sIPSCs in either control or nor-
motopic neurons. Pairwise comparisons of individual cells before
and after treatment revealed that only one of five tested control
and normotopic cells had significantly reduced frequency (K-S
test). Although sIPSC amplitude was found to be significantly
affected, this may partially result from run down of the cell during
the long incubation with the toxin. These findings indicate that
P/Q-type channels do not participate substantially in regulating
GABA release from terminals innervating layer V pyramidal cells
and that a shift of calcium channel types responsible for GABA
release did not occur in the interneurons innervating tish normo-
topic neurons.

Reduction in GABAergic terminals on normotopic layer V
pyramidal neurons
The observations of reduced frequencies of mIPSCs and sIPSCs
in tish normotopic neurons implicated a presynaptic disturbance
in GABAergic neurotransmission. A plausible explanation for

Figure 3. Increasing release probability only partially rescues inhibitory events in the tish brain. A, B, sIPSC recordings in slices
before and during incubation in a medium that increases the probability of vesicular release from presynaptic terminals (low
magnesium, high calcium). sIPSC frequency and amplitude appeared increased in all three types of cells under these conditions. C,
D, sIPSC amplitude distribution histograms from a representative cell from each group. Pie chart insets represent the relative
proportion that each Gaussian subpopulation contributed to the total sIPSC amplitude population. Arrows point to the additional
high-amplitude population elicited by increased probability of release in the control and tish heterotopic neurons, but not in tish
normotopic neurons. Con, Control; ttN, tish normotopic; ttH, tish heterotopic.

Table 2. Effect of increased release probability on sIPSC measurements

Standard medium 2Mg1Ca

Control
Frequency (Hz) 3.67 � 0.42 6.87 � 1.22*
Amplitude (pA) 63.8 � 9.7 74.0 � 13.4
n 5 5

Normotopic
Frequency (Hz) 2.14 � 0.24 2.66 � 0.30
Amplitude (pA) 40.9 � 2.8 43.2 � 6.2
n 5 5

Heterotopic
Frequency (Hz) 2.18 � 0.27 3.01 � 0.41*
Amplitude (pA) 60.7 � 17.8 56.5 � 10.3
n 7 7

*p � 0.05.
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this type of change is that fewer GABAer-
gic terminals were making synapses onto
normotopic neurons. To test this concept,
immunohistochemical techniques were
used to visualize the expression of
GAD-65 in control and tish neocortices.
GAD-65 is the rate-limiting enzyme in
GABA production and is concentrated in
the terminals and occasional cell bodies of
GABAergic interneurons.

In control animals, GAD-65 displayed
intense immunoreactivity within layer V
of the neocortex surrounding pyramidal
somata (Fig. 5A). In addition to the peri-
somatic labeling of large pyramidal cells,
other smaller cells, which were scattered
throughout the neocortex, exhibited
GAD-65 immunoreactivity within their
in their somata (Fig. 5A, arrowhead).
These latter cells represented presumptive
GABAergic interneurons. To visualize the
location of GABAergic terminals with re-
spect to layer V pyramidal cell bodies, sec-
tions were double labeled with both
GAD-65 and anti-NeuN (Fig. 5C).
GAD-65 demonstrated intense punctate
immunoreactivity surrounding pyramidal
neurons of layer V of control tissue (Fig.
5B,D). This labeling corresponded to the
location of terminals from GABAergic
interneurons innervating the somata of
layer V pyramidal neurons. The neuro-
pil in the vicinity of the labeled cell bod-
ies also demonstrated punctate GAD-65
immunoreactivity.

The intensity of GAD-65 immunoreac-
tivity in layer V of the tish normotopic
cortex was reduced relative to that ob-
served in control tissue (Fig. 5E). GAD-
65-immunoreactive (IR) terminals sur-
rounding layer V pyramidal neurons displayed dispersed,
punctate immunoreactivity that was less intense than that seen
surrounding control layer V cells (Fig. 5F,H). The reduced peri-
somatic labeling in the tish cortex is consistent with a reduction in
the number of GABAergic terminals innervating layer V pyrami-
dal neurons, although a reduction in immunogenicity and/or size
of individual terminals cannot be ruled out. Interestingly, there
appeared to be fewer small cells exhibiting prominent GAD-65
immunoreactivity within their somata in the tish normotopic
cortex (Fig. 5E, arrowhead), suggesting that a reduction in
GABAergic interneurons could have occurred.

Altered distribution of interneurons in normotopic cortex
Multiple classification schemes have been developed to describe
distinct interneuron populations in the cortex using morpholog-
ical, electrophysiological, and immunohistochemical profiles
(Kawaguchi and Kubota, 1997; Butt et al., 2005). A reduction in
GAD-65-positive cells in the tish normotopic cortex could reflect
an overall reduction in interneurons, a selective reduction in one
or more interneuron subtype, and/or an attenuation of immuno-
genicity for GAD-65 in one or more type of interneuron. To
examine these issues, we used a previously described classifica-
tion system that identified three discrete interneuron popula-

tions based on their selective expression of the following markers:
parvalbumin, somatostatin, and cholecystokinin (Kawaguchi
and Kondo, 2002).

Parvalbumin-IR interneurons, which include the basket cells
that innervate layer V pyramidal cell somata, were found
throughout the control neocortex. In control animals, cells were
concentrated in layers II/III–VI, with fewer cells in upper layer II

Figure 4. N-type calcium channels are functional in inhibitory presynaptic terminals in both control and tish cortices. A, B,
Representative recordings from control, tish normotopic, and tish heterotopic neurons demonstrate reduced sIPSC properties in
response to incubation with the N-type calcium channel-specific blocker �-conotoxin-GVIa. C, Group data analyses reveal a
significant reduction in sIPSC frequency in control and tish heterotopic neurons in response to �-conotoxin-GVIa. The amplitude
of sIPSCs was significantly reduced in all groups. D, Group data analyses demonstrate that sIPSCs are unchanged in all three groups
in response to incubation in the P/Q-type calcium channel-specific blocker �-agatoxin-IVa. Error bars represent mean � SEM.
*p � 0.05, **p � 0.01 (Student’s t test). Con, Control; ttN, tish normotopic; ttH, tish heterotopic; CTX, �-conotoxin-GVIa; AGA,
�-agatoxin-IVa.

Table 3. Effect of conotoxin on sIPSC properties

Standard medium Plus conotoxin

Control
Frequency (Hz) 3.45 � 0.63 2.14 � 0.46**
Amplitude (pA) 78.3 � 12.6 47.8 � 6.21**
n 9 9

Normotopic
Frequency (Hz) 1.65 � 0.30 1.26 � 0.20
Amplitude (pA) 43.1 � 6.2 39.0 � 5.7*
n 8 8

Heterotopic
Frequency (Hz) 2.19 � 0.24 1.33 � 0.10*
Amplitude (pA) 50.8 � 3.7 38.4 � 2.4*
n 6 6

*p � 0.05; **p � 0.01.
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and layer I. A plexus of labeling was observed in the neuropil of
layer V with a less prominent plexus present in neuropil of layer
IV and the deeper aspect of layer II/III (Fig. 6A). The tish nor-
motopic cortex also demonstrated parvalbumin immunoreactiv-
ity; however fewer cells appeared to be labeled relative to control
cortex (Fig. 6B). Quantification of parvalbumin-IR cell bodies
revealed a significant 43% reduction in normotopic neocortex
(n � 10) compared with control neocortex (n � 6, p � 0.001)
(Fig. 6D). In addition, the parvalbumin-IR plexus in the neuropil
of layer V of the tish normotopic area was less intense than in
control neocortex.

Somatostatin-IR and cholecystokinin-IR cells were dispersed
across the control neocortex and were present at lower densities
than parvalbumin-IR cells (Fig. 6E, I). The distribution of
somatostatin-IR and cholecystokinin-IR cells did not appear to
differ substantially between tish control cortex and normotopic
cortex, and cell counting confirmed this observation (Fig. 6E,F,
H–J,L). The diffuse plexus of cholecystokinin immunoreactivity
observed in the deep layers of the control cortex appeared atten-
uated in the deep layers of the normotopic tish neocortex.

Together, the observations of the preceding immunohisto-
chemical and electrophysiological studies indicated that synaptic
inputs from GABAergic interneurons onto layer V pyramidal
neurons were diminished in the tish normotopic cortex and that
this may have been the result of a selective loss of a specific sub-
type of interneuron. A key remaining issue is whether similar
types of changes occurred in the heterotopic area of the tish
neocortex.

GABAA receptor-mediated synaptic transmission is altered in
heterotopic neurons
Although certain evidence indicates that neurons in the normo-
topic area of the tish cortex provide a key proconvulsant influ-
ence on neocortical circuitry (Chen et al., 2000), a similar role for
heterotopic neurons is conceivable. Consequently, we investi-
gated inhibitory synaptic transmission and interneuronal struc-
ture and function in cortical heterotopia. The efficacy of inhibi-
tory synaptic transmission onto heterotopic pyramidal neurons
was reduced compared with that observed in control layer V
neurons. As described above (Fig. 1), morphological identifica-
tion of the large pyramidal neurons in the heterotopic area of the
tish cortex was confirmed by analyzing the appearance of re-
corded cells with biocytin labeling. Qualitative assessments of
sIPSCs recorded from large heterotopic pyramidal neurons sug-
gested a subtle reduction in frequency and amplitude (Fig. 2A).
Quantitative analyses of group data revealed a significant 37%
reduction in sIPSCs frequency, with a modest but nonsignificant

17% reduction in sIPSC amplitude (Fig. 2B, Table 1). In addi-
tion, there was a reduction in mIPSC frequency, but not ampli-
tude, in heterotopic pyramidal neurons compared with control
neurons (Fig. 2A,B; Table 1).

When the probability of transmitter release was enhanced by
lowering Mg 2� and increasing Ca 2� in the medium, the fre-
quency of sIPSCs in heterotopic neurons was increased by 38%.
However, the magnitude of the increase in sIPSC frequency in
heterotopic neurons was considerably less than that observed in
control cells under similar conditions (Fig. 3A,B; Table 2).
Blockade of N-type calcium channels with �-conotoxin-GVIa
significantly reduced sIPSC frequency in heterotopic neurons to
a value comparable to mIPSC frequency (Fig. 4, Table 3). The
magnitude of the reduction in sIPSC frequency in heterotopic
neurons in response to N-channel blockade was similar to that
observed in control neurons (39 and 38%, respectively). Block-
ade of P/Q channels with �-agatoxin-IVa did not alter the fre-
quency of sIPSCs recorded from heterotopic neurons (Fig. 4D).
Together, these findings indicated that inhibitory synaptic trans-
mission onto large heterotopic pyramidal neurons was somewhat
weaker than that observed in large pyramidal neurons in layer V
of control tissue.

Reduced GABAergic terminals on heterotopic
pyramidal neurons
GABAergic terminals were examined in the tish heterotopia us-
ing an antibody against GAD-65 as described in control and tish
normotopic neocortex. The more scattered and unlaminated dis-
tribution of large pyramidal neurons in the tish heterotopic re-
gion rendered immunohistochemical examination of neuropil
labeling more difficult and equivocal than in the laminated cor-
tices. Regions of strong immunoreactivity were adjacent to re-
gions of weak immunoreactivity, lending a patchy appearance to
the heterotopia. Nonetheless, it was possible to identify large py-
ramidal cells in the heterotopia and to examine GAD-65 immu-
noreactivity in the vicinity of these cells. As in the laminated
structures, GAD-65-IR puncta were observed surrounding the
somata of large pyramidal cells in the heterotopia (Fig. 5I–L). The
intensity of the GAD-65 immunoreactivity appeared more dif-
fuse around the heterotopic pyramidal neurons compared with
control, but not as weak as that observed surrounding the tish
normotopic layer V neurons (Fig. 5B,F,J). Smaller cell bodies
that were strongly GAD-65 immunoreactive (presumptive inter-
neurons) were observed scattered in the heterotopia (Fig. 5I,
arrowhead).

Interneuron distribution in the tish heterotopia
Interneurons were examined as described above, based on the
presence of parvalbumin, cholecystokinin, and somatostatin.
Parvalbumin-IR cells were numerous in the heterotopia, how-
ever the cells were not evenly distributed but were collected in
patches rather than in distinct layers as in control cortex (Fig.
6A,C). Quantification of parvalbumin-IR cells in the heterotopia
revealed a significant 32% reduction (n � 10) compared with
control (n � 6; p � 0.01) (Fig. 6D). Interestingly, large cells
and plexuses were found in the rim region of the heterotopia (Fig.
6C, arrowhead). In contrast, the somatostatin-IR and cholecys-
tokinin-IR cell bodies were found distributed randomly through-
out the depth of the heterotopia (Fig. 6G,K). Patchy areas of
cholecystokinin immunoreactivity were seen in regions of the
heterotopia and were located subjacent to regions of strong neu-
ropil labeling in the overlying normotopic cortex (e.g., topo-
graphic expression of cholecystokinin immunoreactivity is pre-

Table 4. Effect of agatoxin on sIPSC properties

Standard medium Plus agatoxin

Control
Frequency (Hz) 5.05 � 1.98 4.55 � 1.68
Amplitude (pA) 49.7 � 5.7 38.6 � 4.1
n 5 5

Normotopic
Frequency (Hz) 3.02 � 0.96 2.73 � 1.04
Amplitude (pA) 40.6 � 4.1 36.1 � 5.2
n 5 5

Heterotopic
Frequency (Hz) 1.73 � 0.29 1.71 � 0.26
Amplitude (pA) 55.0 � 10.0 51.1 � 10.1
n 5 5
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served in the heterotopia) (Fig. 6 J, K ).
However, the neuropil labeled in patches
in the heterotopia, rather than in laminas
as in control and normotopic cortices.
Thus, all three subtypes of interneurons
were present in the heterotopia of the tish
brain, but their distribution appeared
more random than in the laminated areas
of the neocortex. A profound reduction in
parvalbumin-positive cells, such as that
observed in the normotopic area of the
tish cortex, was not seen in the heteroto-
pia. However, GABAergic terminal den-
sity appeared slightly reduced based on the
more diffuse GAD65 immunoreactivity
surrounding large pyramidal neurons in
the heterotopia.

Discussion
This study demonstrates that defects in
GABAergic synaptic transmission occur
before seizure onset in a seizure-prone,
dysplastic brain. Diminished synaptic in-
hibition of layer V pyramidal cells in the
normotopic cortex of the malformed tish
brain is supported by the following evi-
dence: (1) sIPSCs and mIPSCs are less fre-
quent, and sIPSCs are smaller in ampli-
tude; (2) large-amplitude, multi-vesicle,
multi-synapse events are not observed in
normotopic sIPSC amplitude histograms;
(3) increasing presynaptic release proba-
bility does not rescue normotopic sIPSC
frequency or amplitude to control values;
(4) quantal size is unchanged; (5) calcium channels responsible
for vesicle release from cortical interneurons are expressed and
are functional within the terminals in the tish brain; (6) the den-
sity of presynaptic GABAergic terminals onto postsynaptic layer
V pyramidal neurons is reduced; and (7) a subpopulation of in-
terneuron in the normotopic neocortex is reduced.

The exact location(s) of the disturbances responsible for the
reduction in GABA release are not known. Possibilities include
abnormalities in the vesicle release machinery at release sites,
reduced probability of release, reduced numbers of release sites
per terminal, reduced numbers of terminals per interneuron, and
reduced numbers of interneurons with normal numbers of ter-
minals. This study examined three potential anomalies responsi-
ble for the diminished synaptic inhibition of layer V pyramidal
cells.

One possible abnormality responsible for reduced synaptic
inhibition in normotopic tish cortex is that there are fewer multi-
terminal, multi-quantal events elicited in layer V pyramidal cells.
This provides one explanation for the lack of a strong response to
�-conotoxin-GVIa in normotopic neurons, whereby fewer inter-
neuron terminals with N-type calcium channels are synapsing
onto the postsynaptic neuron and thus provide fewer targets for
the toxin to act on. In a normal neuron, an action potential in the
presynaptic cell causes multiple terminals to release multiple ves-
icles with a given quantal content of transmitter into the synapse.
When the probability of release is increased, larger numbers of
quanta are released from a release site, which can bind postsyn-
aptic receptors and elicit a larger postsynaptic current. This basic
effect was demonstrated in the present study by the recruitment

of a fifth, large-amplitude peak in the sIPSC amplitude distribu-
tion histograms from control neurons (Fig. 3D, Con). However,
in the normotopic cortex, there appear to be fewer inhibitory
synaptic terminals on the soma of the postsynaptic cell; therefore,
only a limited number of quanta can be released in a simulta-
neous manner, activating a smaller proportion of receptors and
generating a smaller postsynaptic current. This is supported by
the absence of the largest multi-quantal peak in the normotopic
sIPSC amplitude distribution histogram (Fig. 3D, ttN). This con-
cept is further reinforced by immunohistochemical evidence of
reduced GABAergic terminal density surrounding layer V corti-
cal neurons in the tish normotopic cortex.

A second, nonexclusive abnormality contributing to dimin-
ished synaptic inhibition in tish normotopic cortex is a reduction
in a subtype of inhibitory interneuron. Our immunohistochem-
ical evidence shows that the distribution of parvalbumin-IR in-
terneurons is disturbed in the tish brain, such that the normo-
topic cortex contains fewer interneurons than control cortex.
Altered interneuron distribution appears to be a common feature
in brains with malformations (Ferrer et al., 1994; Mathern et al.,
1995; Jacobs et al., 1996; Marco et al., 1996; Hablitz and DeFazio,
1998; Rosen et al., 1998; Spreafico et al., 1998; Roper et al., 1999;
Schwarz et al., 2000; Choi et al., 2005). Consequently, the ques-
tions of how different interneuron populations find or do not
find their final cortical destinations and survive or perish during
early development are critical issues to explore. Recent studies
have characterized the tangential migration of interneurons from
their birthplace, the ganglionic eminences, into the cortical plate
(Nery et al., 2002; Xu et al., 2004). Using fate-mapping of the

Figure 5. GABAergic terminal plexuses surrounding pyramidal cells appear reduced in the tish cortex. GAD-65 immunoreac-
tivity (green) was used to visualize GABAergic terminals, and NeuN immunoreactivity (red) was used to visualize neuronal nuclei.
A, In control (Con) neocortex, GAD-65 immunoreactivity exhibits strong labeling surrounding layer V pyramidal cells. B–D, Higher
magnification of the control cortex shows dense punctuate GAD-65 immunoreactivity surrounding layer V pyramidal neurons,
which are labeled with NeuN. E, In the tish normotopic cortex, less intense GAD-65 immunoreactivity is observed in layer V
compared with the control cortex (A). F–H, Higher magnification of the normotopic cortex reveals less dense and more dispersed
GAD-65 labeling in the vicinity of layer V neurons compared with the control cortex (B, D). I, In the tish heterotopic cortex, GAD-65
labeling demonstrates an overall patchy pattern of immunoreactivity, consistent with the lack of laminar organization within the
heterotopia. J–L, Higher magnification of the heterotopia demonstrates that some large pyramidal neurons are surrounded by
punctate GAD-65 terminals. Arrowheads indicate smaller cell bodies that are GAD-65 immunoreactive, representing presumed
interneurons. Scale bars: A, E, I, 100 �M; B–D, F–H, J–L, 25 �M. Con, Control; ttN, tish normotopic; ttH, tish heterotopic.
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medial ganglionic eminence (MGE) and caudal ganglionic emi-
nence (CGE) of the mouse, Butt et al. (2005) demonstrated that
the MGE and CGE give rise to distinct subpopulations of inter-
neurons. They also noted that transplants of later-born cells from
the CGE give rise to interneurons with unique characteristics
from the early-born cells. Thus, specific spatial and temporal cues
determine interneuron subtype. Other studies have focused on
the stratification of interneurons within the cortex, identifying
birthdate as a powerful determinant of lamination in the cortical
plate (Anderson, 2002; Valcanis and Tan, 2003). Therefore, the
temporal and spatial cues that guide interneurons to their adult
positions are different for subtypes of interneurons, and changes

in certain cues can cause a selective alter-
ation in the destiny of specific interneuron
populations.

Finally, a third possibility is that
GABAergic terminals onto layer V pyra-
midal neurons in the normotopic tish cor-
tex possess abnormal release mechanisms.
In tish normotopic pyramidal cells, action
potential-related synaptic currents re-
corded under standard conditions do not
demonstrate large-amplitude events in-
dicative of the release of multiple GABA-
containing vesicles. Experimentally in-
creasing the probability of vesicle release
from terminals only slightly increased the
frequency of sIPSCs and did not elicit the
large, multi-quantal amplitude events
seen in control neurons under the same
conditions. Thus, even when the circum-
stances are maximized for vesicle release,
the terminal is incapable of eliciting mas-
sive vesicular release, indicating that the
release machinery may be malfunctioning.

Abnormal calcium channel function in
GABAergic terminals and/or abnormal
release machinery distal to calcium chan-
nels could be responsible for the lack of a
response to increased release probability.
We examined calcium channel function
by blocking N-type calcium channels, the
major voltage-activated calcium channel
in interneuron terminals responsible for
vesicle release (Timmermann et al., 2002).
Both control and normotopic neurons ex-
hibited reductions in sIPSC frequency and
amplitude, indicating the presence of
functional N-type calcium channels.
However, the magnitude of this reduction
was less in normotopic neurons than in
control neurons. We interpret this lack of
a robust response to be attributable to a
floor effect present in the normotopic re-
cordings. The amplitude and frequency of
sIPSCs recorded from normotopic neu-
rons are already close to the values ob-
tained from mIPSC recordings. The toxin
can only reduce the sIPSC measurements
to the level of mIPSCs, and this small effect
is lost when the data are averaged. None-
theless, K-S tests of individual cell sIPSC
amplitudes and interevent intervals (fre-

quency) reveal that the reduction in these measures in the pres-
ence of �-conotoxin-GVIa is significant. Therefore, N-type cal-
cium channels are functioning in normotopic interneuron
terminals. An abnormality in release machinery distal to calcium
entry to terminals may therefore be responsible for the reduced
release of multiple vesicles.

We also examined the heterotopia of the tish brain for changes
in inhibitory function and found reduced GABAergic synaptic
transmission. As mentioned previously, the heterotopia displays
no obvious layering; thus, targeting equivalent pyramidal cells for
comparison to control layer V pyramidal cells was more difficult.
We carefully selected cells for recording based on three selection

Figure 6. Altered distribution of interneurons in the tish brain. A–C, Parvalbumin immunoreactivity in control and tish neo-
cortices. A, Parvalbumin-IR cell bodies are distributed throughout layers II–VI in the control cortex. Neuropil labeling is seen in
layers III–IV and around large pyramidal cells in layer V. B, In the tish normotopic cortex, parvalbumin-IR cell bodies are present in
layers II–VI; however, the density of cells appears substantially reduced, and neuropil immunoreactivity is attenuated. In addition,
labeled cells in the normotopic somatosensory cortex demonstrated a less even laminar distribution compared with the control
cortex, characterized by regions of higher cell density adjacent to regions of lower cell density. C, The heterotopia displays
parvalbumin-IR cell bodies distributed throughout its depth with occasional strong neuropil labeling in the rim region (arrow-
head). Arrows denote the white matter above and below the heterotopia. D, Quantification of parvalbumin-IR cell bodies dem-
onstrates a significant reduction in the tish normotopic and tish heterotopic regions of the tish brain compared with control. **p�
0.01,*** p � 0.001 (Student’s t test). E–G, Somatostatin immunoreactivity in control and tish neocortices. E, F, Somatostatin-IR
cell bodies are distributed throughout layers II–VI of control and tish normotopic neocortices. G, The heterotopia display
somatostatin-IR cell bodies distributed throughout the structure. H, Quantification of somatostatin-IR cell bodies demonstrates
similar numbers of cells in all groups (Student’s t test). I–K, Cholecystokinin immunoreactivity in control and tish neocortices. I, J,
Cholecystokinin-IR cell bodies in control and tish normotopic cortex are present in layers II–III with occasional cell bodies in layers
V and VI. Strong neuropil labeling was present in layers IV and VI, which likely represents thalamic afferent terminal fields. K,
Cholecystokinin-IR cell bodies are distributed randomly throughout the heterotopia. Patchy areas of neuropil labeling are evident
in the heterotopia, and these regions are located directly subjacent to the regions of neuropil labeling within the normotopic
neocortex. L, Quantification of cholecystokinin-IR cell bodies demonstrates that the numbers of cells did not differ significantly
among groups (Student’s t test). Values represent mean � SEM. Scale bar, 250 �M. Con, Control; ttN, tish normotopic; ttH, tish
heterotopic.
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criteria to provide a consistent protocol for choosing cells for
experimentation. First, the neuron must possess a large pyrami-
dal soma with a prominent dendrite. Whether or not the dendrite
pointed apically was not a point of concern, because it has already
been established that orientation of pyramidal cells within the
heterotopia is inconsistent (Lee et al., 1997). Second, the neuron
must be located within the “rim” region of the heterotopia. Lee et
al. (1998) demonstrated that the neurogenetic gradient follows a
“rim-to-core” rather than “inside-out” pattern, such that the
earlier-born layer VI and V cells should be located in the rim area
of the heterotopia. Moreover, Schottler et al. (1998) demon-
strated that heterotopic corticospinal neurons are concentrated
within the rim region of the heterotopia. The third criterion oc-
curred post hoc when morphological observations were per-
formed on biocytin-filled cells (Fig. 1). Filled neurons that did
not display an obvious pyramidal morphology were not included
in data analyses. IPSC measurements were variable with some
heterotopic cells demonstrating IPSC values that even exceeded
control values. Nonetheless, an overall reduction in GABAergic
inhibitory drive on heterotopic neurons was demonstrated,
which appeared to be intermediate to the prominent reduction in
normotopic neurons (Fig. 2).

In summary, this study demonstrates reduced GABAergic
synaptic inhibition in a seizure-prone animal model of cortical
malformation. Studies performed in humans and other animal
models have implicated disruptions in the GABAergic system in
seizure activity. These disruptions include altered inhibitory
drive (Smith et al., 1999; Zhu and Roper, 2000; Calcagnotto et al.,
2002), alterations in GABA interneuron populations (Ferrer et
al., 1994; Mathern et al., 1995; Jacobs et al., 1996; Marco et al.,
1996; Hablitz and DeFazio, 1998; Rosen et al., 1998; Spreafico et
al., 1998; Roper et al., 1999; Schwarz et al., 2000), changes in
GABAA receptor subunits (DeFazio and Hablitz, 1999; Loup et
al., 2000; Redecker et al., 2000; Coulter, 2001; Crino et al., 2001;
White et al., 2001; Palma et al., 2005), and changes in GABA
reuptake transporters (Calcagnotto et al., 2002, 2005). An impor-
tant remaining question is what events precipitate the onset of
seizures against this background of reduced inhibition. The most
obvious candidates involve the postnatal development of excita-
tory mechanisms, which are normally choreographed with inhib-
itory development (Ben Ari et al., 1997). However, any of a vari-
ety of acute stresses to the regulation of neural activity could also
conceivably serve to trigger seizure onset. A key finding of our
study is that inhibitory failure of GABAergic innervation of pri-
mary cortical neurons actually precedes the onset of seizures.
This type of disturbance thus provides not only a mechanism for
ongoing seizure activity but represents a rational substrate for
epileptogenesis in a dysplastic brain.
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