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Reduced Inhibition in an Animal Model of Cortical Dysplasia
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Cortical dysplasia has a strong association with epilepsy in
humans, but the underlying mechanisms for this are poorly un-
derstood. In utero irradiation of rats produces diffuse cortical
dysplasia and neuronal heterotopia in the neocortex and hip-
pocampus. Using in vitro neocortical slices, whole-cell patch-
clamp recordings were obtained from pyramidal neurons in dys-
plastic cortex and control neocortex. Spontaneous IPSCs were
reduced in amplitude (35%) and frequency (70%) in pyramidal
cells from dysplastic cortex. Miniature IPSCs were reduced in
frequency (66 %) in dysplastic cortex. Two additional measures of
cortical inhibition, monosynaptic evoked IPSCs and paired pulse

depression of evoked EPSCs, were also impaired in dysplastic
cortex. Spontaneous EPSCs were increased in amplitude (42%)
and frequency (77%) in dysplastic cortex, but miniature EPSCs
were not different between the two groups. These data demon-
strate significant physiological impairment in inhibitory synaptic
transmission in experimental cortical dysplasia. This supports
previous immunohistochemical findings in this model and obser-
vations in humans of a reduction in the density of inhibitory
interneurons in dysplastic cortex.
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Disorders of cortical development are common findings in people
with intractable epilepsy and impaired cognitive development
(Taylor et al., 1971; Palmini et al., 1991; Raymond et al., 1995).
Cortical dysplasia is one type of such disorders and is characterized
by loss of normal lamination in the neocortex, abnormal spatial
orientation of the neurons, cytoskeletal abnormalities, and abnor-
malities of cell commitment (Mischel et al., 1995). Despite a strong
association between cortical dysplasia and epilepsy, the exact rela-
tionship between structural abnormalities and seizure activity is
not clear. A causal relationship between some types of focal corti-
cal dysplasia and epilepsy is suggested by the fact that surgical
resection of these lesions can abolish the person’s seizures (Hiraba-
yashi et al., 1993; Palmini et al., 1995). In other cases, cortical
dysplasia can be present in people who never have seizures.

A number of animal models have been used to examine genetic
control of cortical development and response to early cortical
injury and to relate structural features of cortical dysplasia with
functional abnormalities. In utero irradiation of rats is one such
model. Exposure of pregnant rats and their fetuses to external
irradiation on gestational day 17 produces offspring with micro-
cephaly, diffuse cortical dysplasia, subcortical and periventricular
heterotopic gray matter, heterotopic neurons in the hippocampus,
and agenesis or hypoplasia of the corpus callosum (Riggs et al.,
1956; Cowan and Geller, 1960; Roper et al., 1995). Previous studies
have shown that the affected rats have an increased propensity for
electrographic seizures in the presence of certain sedating agents
(Roper et al., 1995). In vitro slices of dysplastic neocortex demon-
strate enhanced epileptiform activity in the presence of the
GABA 4 receptor antagonist bicuculline methiode when compared
with control neocortex (Roper et al., 1997b). Immunohistochemical
studies have demonstrated a selective reduction in inhibitory inter-
neurons (cells immunoreactive for parvalbumin and calbindin-
D28k) in dysplastic cortex (Roper et al., 1999). The current study
was performed to study possible alterations in excitatory and in-
hibitory connections in cortical dysplasia using whole-cell patch-
clamp recordings of spontaneous and evoked postsynaptic currents.
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We present evidence for a significant reduction in inhibitory con-
nections in experimental cortical dysplasia when compared with
control neocortex.

MATERIALS AND METHODS

Animals and irradiation. All procedures used in the study adhered to
guidelines approved by the Institutional Animal Care and Use Committee
at the University of Florida. Female Sprague Dawley rats with known
insemination times were obtained (Harlan Sprague Dawley, Indianapolis,
IN). The day of insemination was designated embryonic day 0 (EO).
Pregnant rats were housed separately, and pups were weaned at postnatal
day 28. All animals were maintained on 12 hr light/dark cycles and were
provided food and water ad libitum. Offspring from six irradiated (n = 20
animals) and seven control (» = 21 animals) mothers were used for the
experiments. Irradiation was performed on E17. Pregnant rats were placed
in a Plexiglas box to limit movement and exposed to 225 cGy of external
7y irradiation from a linear accelerator source.

Brain slice preparation. In vitro brain slices were obtained from 28- to
35-d-old rats using procedures similar to those described previously
(Roper et al., 1997b). After decapitation, the brain was rapidly removed
and submerged in ice-cold artificial CSF (ACSF) containing (in mMm):
NaCl 124, KC1 2.5, KH,PO, 1.25, MgCl, 2.5, CaCl, 0.5, NaHCO; 26, and
glucose 10, pH 7.4 (300 mOsm/kg). Three hundred- to 400-wm-thick,
coronal, hemispheric brain slices were obtained at the rostrocaudal level of
the anterior commissure using a Vibratome (Campden Instruments). The
slices were incubated in oxygenated (5% CO, and 95% O,) ACSF at
32-34°C for 30 min and then maintained at room temperature (22-25°C)
until they were transferred to a submersion-type recording chamber.

Electrophysiological recording. Neocortical pyramidal neurons were iden-
tified using infrared differential interference contrast (IR-DIC) videomi-
croscopy with a fixed-stage microscope (Axioskop-FS, equipped with a
40X%, 0.80 W water-immersion lens; Zeiss, Oberkochen, Germany), accord-
ing to their characteristic somata and apical dendrites. All of the record-
ings were made at room temperature (22-25°C) from slices kept under
constant (2-3 ml/min) perfusion of ACSF as given above, with the excep-
tion that MgCl, and CaCl, concentrations were 1 and 2 mM, respectively.
Drugs were applied to slices by gravity perfusion. Evoked synaptic re-
sponses were obtained in neocortical pyramidal cells using a twisted
platinum-iridium wire (diameter, 76 uwm) with current pulses (0-500 wA;
duration, 0.1 msec) applied to the white matter adjacent to the recorded
cell. Analysis of all evoked responses was based on averages of 10 trials per
event with 30 sec intervals between stimuli.

Spontaneous and miniature postsynaptic currents. Tight-seal (>1 GQ)
whole-cell recordings were obtained from the cell body of neocortical
pyramidal cells. Patch electrodes had a resistance of 3-5 M() when filled
with (in mMm): potassium gluconate 120, NaCl 8, HEPES 10, MgATP 4,
Na;GTP 0.4, EGTA 0.2, and biocytin 0.1%, pH 7.2 (280 mOsm/kg) for
EPSCs and CsCl 125, HEPES 10, MgATP 5, Na,GTP 0.4, MgCl, 4,
EGTA 5, and biocytin 0.1%, pH 7.2 (280 mOsm/kg) for IPSCs. Neurons
were voltage-clamped at —65 mV (for EPSCs) or —60 mV (for IPSCs)
using an Axopatch 1D amplifier (Axon Instruments, Foster City, CA).
Access resistance (10-25 M{)) was monitored regularly during recordings,
and cells were rejected if it changed >15% during the experiment. Data
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were filtered at 2 kHz, digitized at 10 kHz, and stored in a computer using
pClamp 8 software (Axon Instruments) for off-line data analysis. In some
experiments, inhibitory currents were blocked using the GABA , receptor
antagonists picrotoxin (100 um) and bicuculline methiodide (BMI; 10 um).
GABA ,-gated IPSCs were recorded in the presence of DL-2-amino-5-
phosphonopentanoic acid (AP-5; 50 uM) and 6-cyano-7-nitroquinoxaline-
2,3-dione (CNQX; 10 uMm) in the bath solution to block fast glutamatergic
transmission. Miniature EPSCs (mEPSCs) and mIPSCs were recorded in
the presence of tetrodotoxin (TTX; 1 um).

Histology. Slices with biocytin-filled cells were fixed by immersion in 4%
paraformaldehyde in 0.15 M phosphate buffer overnight at 4°C and then
rinsed three times in PBS (0.01 m). The slices were incubated in PBS
containing 10% methanol and 3% H,O, for 1 hr to remove endogenous
peroxidase activity and rinsed three times in PBS. Slices with biocytin-
filled cells were then incubated in avidin—biotin—horseradish peroxidase
complex (ABC Elite kit; Vector Laboratories, Burlingame, CA) in PBS
(1:100), pH 7.3, containing 2% Triton X-100 for 48—72 hr at 4°C. The slices
were rinsed and reacted with 3,3’-diaminobenzidine tetrahydrochloride
(0.06%) and H,0, (0.003%) in PBS, pH 7.4. The slices were mounted on
subbed slides, air-dried overnight, dehydrated through a graded series of
ethanols (70-100%), and coverslipped.

Data analysis and statistics. Event analysis was performed on continuous
segments of spontaneous synaptic current records (sIPSCs, mIPSCs, sEP-
SCs, and mEPSCs) lasting 3-5 min in a semiautomated manner. Histo-
grams were made of two parameters extracted from the continuous records
(amplitude and interevent time interval), and these data were converted to
probability density functions for comparison. Synaptic events per period
were detected using a threshold crossing of the derivative with parameters
set for each cell and kept constant for the whole session (Mini Analysis
Program; Synaptosoft Inc., Leonia, NJ). The events detected were then
visually inspected to remove electrical artifacts before final analysis. Their
peak amplitude and 10-90% rise time were measured, and the decay phase
of individual events could be fitted by one exponential. Individual EPSCs
that did not overlap with other events were selected at random and
averaged together to form composite EPSCs for analysis. All results are
given as mean * SD. The large sample approximation of the Kolmogorov—
Smirnoff test was used to compare the distributions of sIPSC, mIPSC,
sEPSC, and mEPSC parameters between individual representative neu-
rons. Paired or unpaired Student’s two-tailed ¢ test was used to compare
group results. Statistical significance was defined as p < 0.05.

Drugs. CNQX and AP-5 were obtained from Tocris Cookson (Ballwin,
MO); TTX, BMI, and picrotoxin were from Sigma (St. Louis, MO).

RESULTS

Histological effects

Histological abnormalities found in the irradiated rats have been
described in detail previously (Riggs et al., 1956; Cowan and
Geller, 1960; Roper et al.,, 1995). All slices used in this study
demonstrated cortical dysplasia and subcortical neuronal heteroto-
pia. Dyplastic cortex (DC) was characterized by thinning of the
cortex with loss of lamination and loss of the normal orientation of
some pyramidal cells with respect to the pial surface (Fig. 1B). DC
and heterotopic gray matter were easily visualized with a low-
power objective (10X) at the time of physiological recordings using
IR-DIC videomicroscopy. Cresyl violet staining of some fixed slices
was performed after recording to confirm these changes.

Basic membrane properties in pyramidal neurons

Whole-cell recordings were performed in the somatosensory cortex
overlying the lateral ventricle. In control cortex we recorded from
neurons in superficial layers (II/III) and in layer V. In DC we
recorded from neurons throughout the cortical mantle. Pyramidal
neurons were identified using morphological properties of their
triangular somata and prominent apical dendrites under IR-DIC
videomicroscopy using a 40X objective. As shown in Figure 14,
recorded cells filled with biocytin had apical and basal dendrites
with many spines and main axons extending to the underlying
white matter. Morphological features of pyramidal cells in DC were
similar to those of control pyramidal cells, although the orientation
of the neuron with respect to the pial surface was sometimes
abnormal. No systematic analysis of dendritic or axonal distribu-
tion or branching patterns was performed; therefore, the possibility
of more subtle structural differences between pyramidal cells in
control and dysplastic cortex cannot be excluded. With step-wise
depolarization in whole-cell current-clamp recordings, all pyrami-
dal neurons tested (control, n = 24; DC, n = 22) responded initially
with a high frequency of action potentials (APs), adapting to a
lower, sustained frequency (Fig. 1C) as described for regular spik-
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Figure 1. Morphological and physiological properties of a pyramidal neu-
ron in dysplastic cortex. 4, Composite videomicrograph of a representative
biocytin-filled pyramidal cell with the soma lying in the center of the
dysplastic cortex, dendrites extending to the pial surface (top), and the axon
extending into the white matter. Scale bar, 100 um. B, Photomicrograph of
a cresyl violet-stained section of dysplastic cortex (40 wm thick) demon-
strating thinning of the cortex, loss of laminar organization, and loss of
orientation of pyramidal cells (pial surface is at top) Scale bar, 100 um. C,
Current-clamp recording (top trace) of a pyramidal neuron from dysplastic
cortex demonstrating the response to depolarizing current (bottom trace).
Elicited action potentials show frequency adaptation that is indicative of a
regular spiking neuron.

ing cells (McCormick et al., 1985; Chagnac-Amitai and Connors,
1989). The resting potentials in all neurons recorded were more
negative than —60 mV. Membrane and AP properties of neurons
from layers II/III and V in control neocortex were not different,
and these values were not different from those observed in the
pyramidal neurons of DC (Table 1).

Impaired GABAergic synaptic transmission in
dysplastic cortex

Whole-cell voltage-clamp recordings were made from pyramidal
neurons in dysplastic and control neocortex. Spontaneously occur-
ring inward currents were observed at a holding potential of —60
mV in the presence of CNQX (10 um) and AP-5 (50 um). These
currents were completely blocked by the GABA 4 receptor antag-
onists picrotoxin (100 um) and BMI (10 uMm), indicating that the
synaptic currents were GABAergic. The measured amplitude and
frequency of these currents showed no consistent developmental
change in the cells from animals aged from postnatal day 28 (P28)
to P35 (data not shown), and the kinetics, amplitude, and frequency
of sIPSCs between layer II/III and V pyramidal neurons in control
neocortex were not significantly different (Table 1). In this study,
we grouped neurons from layers II/III and V together in the
statistical analysis of IPSCs and EPSCs.

As shown in Figure 24, the frequency of sIPSCs in pyramidal
neurons from DC was reduced in comparison with control neurons.
However, the 10-90% rise time (control, 1.75 = 0.12 msec; n = 20;
DC, 1.88 = 0.11 msec; n = 19; p = 0.42) and the decay time
constant (control, 10.96 = 0.61 msec; n = 20; DC, 11.47 = 0.82
msec; n = 19; p = 0.64) of sIPSCs were not different between
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Table 1. Membrane properties and postsynaptic currents in the
pyramidal neurons of cortex

Control pyramidal neuron

DC pyramidal

Layer II/III Layer V neuron
Membrane properties
Vo, (mV) —672+28 —69.6 3.1 —68.5 2.6
R, (mQ) 163 1.2 15915 147+ 18
R, (mQ) 203 = 15 222 + 18 211 =20
n 14 10 22
sIPSCs
Amp (pA) 33.88 = 1.39 3451 +1.2 224+ 1.77*
Fre (Hz) 13.19 = 0.88 13.73 = 0.94 4.07 = 0.46*
RT (msec) 1.85 = 0.17 1.63 = 0.18 1.88 = 0.11
7 (msec) 10.64 = 0.81 11.36 = 0.98 11.4 = 0.82
n 11 9 19
sEPSCs
Amp (pA) 22,94 = 1.02 21.78 = 1.02 28.8 = 0.92%
Fre (Hz) 2.84 = 0.29 3.11+0.28 5.49 = 0.47*
RT (msec) 1.91 = 0.11 1.77 = 0.16 2.02 +0.16
7 (msec) 8.00 = 0.43 7.82 = 0.68 7.38 0.7
n 14 11 28

DC, Dysplastic cortex; V,,, resting membrane potential; R,, access resistance; R,
membrane resistance; Amp, amplitude; Fre, frequency; RT, 10-90% rise time; 7,
decay time constant.

*p < 0.001.
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Figure 2. Decreased amplitude and frequency of sIPSCs from pyramidal
neurons in dysplastic cortex. 4, Representative traces of voltage-clamp
recordings from pyramidal neurons in control neocortex and dysplastic
cortex in the presence of AP-5 (50 uM) and CNQX (10 um). B, C, Group
comparison of amplitude and frequency of sIPSCs and mIPSCs from
pyramidal neurons in control neocortex and DC. Graphs show data for
amplitude (B) and frequency (C) of sIPSCs (left) and mIPSCs (right). B,
Mean values of sSIPSC amplitude were decreased in DC (p < 0.001), but the
mIPSC amplitude was not different (p = 0.83). C, Mean frequencies of both
sIPSCs and mIPSCs were significantly reduced in DC (p < 0.001 for both
measures).

control and dysplastic cortex. Mean amplitude and frequency of
sIPSCs in pyramidal neurons from control (n = 20) and dysplastic
cortex (n = 19) are shown in Figure 2, B and C. Both amplitude and
frequency were significantly reduced by 35 and 70%, respectively,
in pyramidal neurons from DC.

Miniature IPSCs resulting from the spontaneous, action potential-
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independent release of GABA from individual vesicles in the axon
terminals were recorded in the presence of TTX (1 um) (Fig. 34). To
determine whether inhibitory synaptic activity was impaired in DC,
the amplitude, frequency, and kinetics of mIPSCs from pyramidal
cells in DC were compared with those from pyramidal cells in
control neocortex. The decay time constant of mIPSCs was not
changed between the two groups (control, 10.1 = 0.72 msec; n = 17,
DC, 935 = 0.78 msec; n = 18; p = 0.48). Also, there was no
significant difference in the 10-90% rise time of mIPSCs (control,
1.75 = 0.12 msec, n = 17; DC, 1.71 = 0.13 msec; n = 18; p = 0.67).
Amplitude distribution histograms were similar between represen-
tative pyramidal neurons from control and dysplastic cortex (Fig.
3B). The mean amplitude of mIPSCs (Fig. 2B) was also not different
between control (n = 17) and dysplastic cortex (n = 18). However,
cumulative probability curves demonstrated an increase of the in-
terevent interval in DC when representative neurons were compared
(Fig. 3D). In the group comparison, the mean frequency of mIPSCs
was significantly reduced by 66% in DC (n = 17) compared with
control (n = 18) neocortex (Fig. 2C).

Decreased monosynaptic evoked IPSCs in pyramidal
neurons from dysplastic cortex

At a holding potential of —60 mV, single-pulse stimulation was
applied by a bipolar platinum-iridium electrode positioned 150-
200 wm away from the recorded soma to directly activate local
interneurons. Monosynaptic evoked IPSCs (eIPSCs) of pyramidal
neurons were recorded in the presence of CNQX (10 um) and
AP-5 (50 um), and stimulus amplitudes were increased in intensity
(0-500 nA) until they reached a maximal response. To verify that
monosynaptic e[PSCs were GABA ,-mediated, in some experi-
ments a GABA , receptor antagonist (BMI, 10 uMm, or picrotoxin,
100 wm) was applied to the bath solution, showing a complete and
reversible abolishment of evoked postsynaptic currents (data not
shown). Evoked IPSCs displayed a fast-onset inward current with
a small delay after the stimulation (Fig. 44). Failures were more
frequent at lower intensities. In pyramidal neurons from DC, mean
rise time and decay time constants were 5.2 = 1.12 and 25.68 = 2.34
msec (n = 20), respectively, which were not significantly different
from those in control neurons. However, the mean maximal am-
plitude of monosynaptic eIPSCs was significantly decreased by
48% in pyramidal neurons from DC (n = 16) compared with
controls (n = 20; failures not included) (Fig. 4B).

Absence of paired pulse depression in pyramidal
neurons from dysplastic cortex

To examine excitatory synaptic transmission in DC, neocortical
pyramidal neurons were voltage-clamped at —65 mV, close to the
Cl™ equilibrium potential, with potassium gluconate intracellular
solution. Evoked EPSCs (eEPSCs) were induced by placing a
bipolar platinum-iridium electrode in the white matter beneath the
neocortex, showing increased inward currents with an increase in
the stimulation intensity (0-500 nA). The average 10-90% rise
time and decay time constants were 1.85 £ 0.09 and 7.9 = 0.38 msec
(n = 16), respectively, in control neocortex. Bath perfusion of
CNQX (10 um) and AP-5 (50 um) completely and reversibly
blocked the eEPSCs. We observed that the fast-onset inward peak
current of eEPSCs was usually followed by a group of high-
frequency, inward currents in pyramidal cells from DC (Fig. 54),
but this activity was rare in controls (control, 3 of 16 cells; DC, 15
of 18 cells). The delayed inward discharges could be abolished by
bath application of CNQX and AP-5, indicating that they are
glutamate-mediated events. Evoked EPSCs in pyramidal neurons
from DC (n = 14) showed a 52% increase in amplitude compared
with controls (n = 22; Fig. 5B), and the total charge transfer during
eEPSCs was significantly increased in pyramidal neurons from DC
compared with controls (Fig. 5C). The 10-90% rise time was not
significantly changed in DC.

To examine the competency of feedback inhibition in the neural
circuits of DC, paired pulse stimulation (interpulse interval, 20
msec) was applied while eEPSCs were recorded in pyramidal cells
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Figure 3. Decreased frequency of mIPSCs in pyramidal neu-
rons from dysplastic cortex. A, Representative voltage-clamp
recordings of mIPSCs from pyramidal neurons from control
and dysplastic cortex in the presence of AP-5 (50 uM), CNQX
(10 pm), and TTX (1 uM). B, Distribution histograms of
mIPSC amplitude from these cells show similar patterns. Nor-
malized cumulative probability curves show no difference be-
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tween control and dysplastic cortex for mIPSC amplitude (C;
p = 0.16), but the interevent interval (D) is shifted to the right
(consistent with decreased frequency) in the neuron from dys-
plastic cortex (p < 0.0001).
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Figure 4.  Monosynaptic evoked IPSCs recorded from pyramidal neurons
from control and dysplastic cortex in the presence of AP-5 (50 um) and
CNQX (10 uM). A, Representative recordings of monosynaptic eIPSCs
show a smaller response in the neuron from dysplastic cortex (bottom trace)
compared with the control neuron (fop trace). B, Group comparison of data
from control and dysplastic cortex shows a significant reduction in mono-
synaptic eIPSC amplitude in pyramidal neurons from dysplastic cortex
(p < 0.002).

at a holding potential of —65 mV. As shown in Figure 64, the
second eEPSC amplitude was smaller than the first response in
control neocortex. However, the second synaptic response was
increased compared with the first one in DC, suggesting an impair-
ment of feedback inhibition in DC neuronal circuits. This differ-
ence was maintained when group data from control neocortex (n =
14) and DC (n = 16) were compared (Fig. 6B).
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Enhanced excitatory synaptic transmission in pyramidal
neurons from dysplastic cortex

Spontaneous EPSCs were recorded from neocortical pyramidal
neurons voltage-clamped at —65 mV (Fig. 74). Bath application of
CNQX and AP-5 completely and reversibly abolished the sponta-
neously occurring inward currents observed at this holding poten-
tial. As observed in IPSCs, the amplitude and frequency of EPSCs
did not change with age (P28-P35) and were not different between
layer II/IIT and V pyramidal neurons (Table 1). The 10-90% rise
times (control, 1.85 * 0.09 msec; n = 25; DC, 2.02 = 0.16 msec; n =
28; p > 0.05) and decay times (control, 7.92 * 0.38 msec; n = 25;
DC, 7.38 £ 0.7 msec; n = 28; p > 0.05) of sEPSCs were not
different between pyramidal cells from control neocortex and DC.
In representative neurons, the distribution of sEPSCs showed
larger amplitudes in DC than in control neurons (Figs. 7B), and
cumulative probability curves were shifted to larger amplitudes
(Fig. 7C). In the group analysis, the mean sEPSC amplitude was
increased by 42% in pyramidal neurons from DC (n = 28) com-
pared with controls (n = 25) (Fig. 84). In representative neurons,
cumulative probability curves showed a decrease in interevent
intervals for sEPSCs in pyramidal cells from DC (Fig. 7D). Group
comparisons showed that mean SEPSC frequency was significantly
higher in DC (n = 28) compared with controls (n = 25) (Fig. 8B).

Miniature EPSCs were recorded in the presence of TTX (1 um)
from pyramidal cells voltage-clamped at —65 mV to examine pre-
synaptic or postsynaptic mechanisms of increased excitability in the
neuronal circuits of dysplastic cortex. In contrast to SEPSCs, there
was no difference in mean amplitude or frequency of mEPSCs
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Figure 5.  Evoked EPSCs recorded at the reversal potential of GABAgeric
currents in pyramidal neurons from control and dysplastic cortex. 4, Rep-
resentative recordings of eEPSCs in pyramidal neurons from control and
dysplastic cortex. Evoked EPSCs from dysplastic cortex typically demon-
strated a complex response comprising multiple inward currents. B, Group
comparison of data from control and dysplastic cortex shows an increase in
eEPSC peak amplitude in dysplastic cortex (p < 0.001). C, The averaged
area of eEPSCs in dysplastic cortex was also significantly increased (p <
0.001).

between pyramidal neurons from control (n = 15) and dysplastic
(n = 12) cortex (Fig. 8). There was also no difference in rise time,
decay time, or distribution of mEPSC amplitude or interevent
interval. Therefore, blocking action potential-dependent activity
abolished the increased spontaneous excitatory activity in pyrami-
dal neurons from DC.

DISCUSSION

This study has demonstrated significant impairment of inhibition in
the in utero irradiation model of cortical dysplasia. The reduction in
frequency of miniature IPSCs recorded from pyramidal cells with
no difference in amplitude suggests that the principal abnormality
is presynaptic rather than postsynaptic. This could result from an
impaired release mechanism from the presynaptic terminals or
simply from a reduction in the number of GABAergic terminals on
the pyramidal cells. This second explanation is supported by pre-
vious studies from this laboratory that showed a reduction in
density of parvalbumin- and calbindin D28k-immunoreactive neu-
rons in dysplastic cortex from irradiated rats (Roper et al., 1999),
because a reduced number of inhibitory neurons would likely result
in a reduced number of inhibitory connections by these neurons
onto adjacent pyramidal cells. In addition, the similar frequency of
both spontaneous and miniature IPSCs may indicate a relatively
low level of spontaneous activity in inhibitory interneurons in
dysplastic cortex.

Decreases in paired pulse inhibition and monosynaptic evoked
IPSCs also provide evidence for impaired inhibition in dysplastic
cortex but do not give any additional information regarding the
specific mechanisms of this impairment. In this study, paired pulse
depression of excitatory postsynaptic responses was selected as a
common measure of cortical inhibition (Burdette and Gilbert,
1995; Ramoa and Sur, 1996) to either support or contradict the
spontaneous IPSC results. Whole-cell recordings from paired cor-
tical neurons have confirmed that, with an interstimulus interval of
20 msec, pyramidal cell pairs generally show paired pulse depres-
sion, whereas pyramidal interneuron pairs show paired pulse facil-
itation (Thomson, 1997). However, short-term synaptic plasticity is
affected by many variables, such as presynaptic release probability
(Oleskevich et al., 2000), postsynaptic receptors and cell properties
(Rozov and Burnashev, 1999), and presynaptic GABAy receptors
(Deisz, 1999), and other explanations for our reported changes in
paired pulse depression are possible.

In this study we used neurons from both supragranular and
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Figure 6. Paired pulse modulation of evoked EPSCs recorded from pyra-
midal neurons in control and dysplastic cortex with an interpulse interval of
20 msec. A, Representative recordings of paired eEPSCs in pyramidal cells
from control and dysplastic cortex show that the amplitude of the second
response was reduced in the control neuron but increased in the neuron
from dysplastic cortex. B, Group data from control and dysplastic cortex
demonstrate an absence of paired pulse depression in dysplastic cortex
(p < 0.001).

infragranular layers of control neocortex for comparison with neu-
rons from DC. DC in this model has no clear laminar pattern, so
there are no anatomic cues on which to base a comparison between
the same cortical layers in both the control and experimental
groups. Neurons in DC are most likely to represent neurons that
should have assumed an infragranular location, because the irra-
diation occurs at a time when the early cortical plate has already
formed, and neurons destined for the deeper layers arrive first in
cortical development. The irradiation treatment kills immature,
migrating neurons (Bayer and Altman, 1991) as well as radial glia
(Roper et al., 1997a) with relative sparing of the cortical plate
neurons and the neuroepithelium. After irradiation, some neurons
are trapped in the periventricular and subcortical regions and go on
to form neuronal heterotopias, but some may still migrate out to
the cortical plate. Therefore the resultant dysplastic cortex (as
opposed to the underlying heterotopic gray matter) probably rep-
resents an amalgam of neocortical neurons with a heavier repre-
sentation from neurons originally destined for the deeper cortical
layers. Because of these factors, it is difficult to assign a specific
category of neurons from control neocortex to serve as the appro-
priate control group. For this reason we have studied pyramidal
cells (which can clearly be identified morphologically in both con-
trol and dysplastic neocortex) from both supragranular and infra-
granular layers in control neocortex as the comparison group. This
raises the possibility that our study could produce a spurious result
if, for instance, one group of control neurons had a significantly
higher frequency of miniature IPSC’s when the appropriate com-
parison was actually with the control subset with a lower frequency.
To address this problem we compared the supragranular control
neurons with the infragranular control neurons and found no
differences between the two groups with respect to basic membrane
properties or amplitude or frequency of SIPSCs or SEPSCs. On the
basis of these findings it seems appropriate to use the pooled data
from supragranular and infragranular neurons in control neocortex
for comparison with neurons from DC in this study.

The findings of partial loss of inhibition in this model are
consistent with observations in human cortical dysplasia. Two
groups have reported a qualitative reduction in inhibitory inter-
neurons in specimens of human focal cortical dysplasia surgically
resected for the treatment of intractable epilepsy (Ferrer et al.,
1992, 1994; Spreafico et al., 1998). In addition, physiological abnor-
malities have been reported in human cortical dysplasia. Surface
recordings (electrocorticography) from focal cortical dysplasia can
show continuous ictal activity that is rarely seen in other types
epilepsy (Palmini et al., 1995). In addition, in vitro brain slices of
human dysplastic cortex demonstrate prolonged epileptiform dis-
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Figure 7. Increased amplitude and frequency in sEPSCs in pyramidal

neurons from control and dysplastic cortex. 4, Representative voltage-
clamp recordings demonstrate a significant increase in amplitude and fre-
quency of SEPSCs in the pyramidal neuron from dysplastic cortex compared
with the control neuron. B, Amplitude distribution histograms of SEPSCs
from pyramidal neurons from control and dysplastic cortex show that
SEPSCs were skewed toward larger amplitudes, especially in dysplastic
cortex. C, Normalized cumulative probability curves of sEPSC amplitude
show that values from the dysplastic cortex neuron were significantly shifted
to the right (p < 0.0001), indicating an increase in SEPSC amplitude in this
cell. D, Normalized cumulative probability curves of interevent intervals
are significantly shifted to the left in the pyramidal neuron from dysplastic
cortex compared with the control neuron (p < 0.0001), indicating an
increase in sEPSC frequency in the dysplastic cortex neuron.

charges that are not seen from “control” human temporal neocor-
tex that is removed during anterior temporal lobectomy for medial
temporal lobe epilepsy (Mattia et al., 1995). Although these phys-
iological abnormalities document an increased propensity for epi-
leptiform activity, they do not specifically indicate impaired inhi-
bition, and other mechanisms could explain these findings.

There are several other animal models of cortical dysplasia that
have been studied. In utero administration of the alkylating agent
methylazoxymethanol acetate produces histological changes simi-
lar to those in the in utero irradiation model. Physiological abnor-
malities in this model have included an increase in the number of
intrinsically bursting neurons in the hippocampus (Baraban and
Schwartzkroin, 1995) and neocortex (Sancini et al., 1998). In the
current study, we did not find intrinsically bursting neurons in
either control or dysplastic neocortex. Intrinsically bursting pyra-
midal neurons were originally described in layer V of normal
neocortex using sharp intracellular microelectrodes (McCormick et
al., 1985; Chagnac-Amitai and Connors 1989). Because of the large
tip diameter of microelectrodes used in whole-cell patch-clamp
recordings, the electrode-filling solution communicates freely with
the cytoplasm of the recorded cell. Because intrinsic firing prop-
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Figure 8. Group comparisons of amplitude and frequency of sSEPSCs and
mEPSCs from pyramidal neurons from control and dysplastic cortex.
Graphs show data for amplitude (A4) and frequency (B) of sSEPSCs (left)
and mEPSCs (right). Mean values of sEPSC amplitude were increased in
dysplastic cortex (p < 0.001), but there was no difference in mean mEPSC
amplitude between the two groups (p = 0.21). Mean sEPSC frequency was
increased in dysplastic cortex (p < 0.001), but there was no difference in
mean frequency of mEPSCs between the two groups (p = 0.67).

erties are significantly affected by intracellular calcium levels
(Friedman and Gutnick, 1989), it is possible that alterations in
intracellular calcium attributable to washout or buffering from the
microelectrode-filling solution make detection of intrinsically
bursting cells unlikely. In addition to this, there are differences in
age of the animals and the temperature of the recording chambers
between these studies that might affect intrinsic firing patterns. Of
note, Kawaguchi (1993) used whole-cell patch-clamp recording
techniques similar to those used in the current study in control
neocortex and also found no intrinsically bursting neurons in rat
frontal cortex. Additional studies using sharp intracellular micro-
electrodes may provide better detection and quantification of in-
trinsically bursting cells in DC.

One model of focal cortical dysplasia involves creating a cortical
freeze lesion on PO or P1 that persists as a microsulcus. These
animals develop an area of hyperexcitable cortex just adjacent to
the actual lesion, the paramicrogyral cortex. Although there is a
loss of parvalbumin-immunoreactive neurons in supragranular lay-
ers of the microsulcus and adjacent cortex in early postnatal devel-
opment, this deficit recovers by P21. There is a permanent decrease
in parvalbumin-immunoreactive neurons in the infragranular cor-
tex in the microgyrus and paramicrogyral cortex in this model
(Rosen et al., 1998). Spontaneous and evoked IPSCs are increased
in amplitude but not frequency in the paramicrogyral cortex
(Prince et al., 1997), and current theories on epileptogenesis in this
model involve synaptic reorganization with exuberant thalamocor-
tical connections in the paramicrogyral cortex attributable to loss of
normal targets in the microsulcus (Jacobs et al., 1999). DeFazio
and Hablitz (1999, 2000) have provided evidence for a delay or
arrest of normal maturation of GABA receptors (DeFazio and
Hablitz, 1999) and NMDA receptors (DeFazio and Hablitz, 2000)
in neurons of the paramicrogyral cortex in this model.

In addition to reduced inhibitory currents, we have also demon-
strated an increase in the frequency of SEPSCs in pyramidal cells
from DC. This difference was abolished when action potentials
were blocked with TTX. This suggests that the increased SsEPSCs
did not represent a primary increase in the number of excitatory
presynaptic terminals on the pyramidal cells or a primary alteration
in glutamatergic receptors. It could be a consequence of reduced
inhibition in the local circuit, because a reduction of inhibitory tone
would allow excitatory cells to fire more often. It could also result
from an increase in the number of intrinsically bursting neurons in
dysplastic cortex.

This study is the first to quantitatively demonstrate a physiolog-
ical impairment in inhibition in an animal model of hyperexcitable
dysplastic cortex. Paired with previous data that showed a persis-
tent, selective reduction of inhibitory interneurons in the same
areas (Roper et al., 1999), these results demonstrate a selective
vulnerability of the inhibitory system to in utero irradiation. We do
not know whether this is a direct effect of the radiation on imma-
ture neurons that would have become inhibitory neurons or
whether it is a secondary effect of the treatment. It is even possible
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that the inhibitory neurons are still present but misplaced. Prelim-
inary studies have shown inhibitory interneurons in subcortical and
periventricular heterotopic gray matter in these animals, but no
quantitative studies have been performed (Roper and Houser,
1992). Whole-cell recordings from heterotopic pyramidal neurons
in this model have shown the presence of inhibitory activity, but
this has not been quantified (Smith et al., 1999).

The majority of inhibitory interneurons of the neocortex origi-
nate outside the cortical mantle in the lateral and median gangli-
onic eminence (Anderson et al., 1997, 1999; Tamamiki et al., 1997).
This necessitates a longer migratory pathway to the cortical plate
and may make these immature inhibitory neurons more susceptible
to in utero injury, because migrating neurons are among the most
vulnerable to in utero irradiation (Altman et al., 1968; Bayer and
Altman, 1991). Alternatively, the putative inhibitory neurons ei-
ther may arrive at the cortical plate and not develop their appro-
priate phenotype or may die off during development because of
some secondary abnormality in the dysplastic cortex such as in-
creased excitatory activity or alterations in subcortical afferents.
The current data do not provide evidence to address these ques-
tions, and further studies are needed. At this point, these studies
have demonstrated a selective vulnerability of inhibitory interneu-
rons to in utero injury that may have far-reaching implications for
other disorders of cortical development.
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