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Summary
Cortical dysplasia is often associated with intractable seizures. Studies in animal models have
described changes in inhibitory and excitatory synaptic function that contribute to
hyperexcitability. The role of changes in intrinsic excitability and abnormal dendritic properties
has received less attention. Changes in hyperpolarization-activated non-selective cation (HCN)
channels have been implicated in several models of epilepsy. Here we review evidence for
alterations in HCN channels and dendritic morphology in the rat freeze-lesion model of cortical
dysplasia. Immunocytochemical HCN1 staining, typically seen in the apical dendrites of layer V
pyramidal cells in normal cortex, was greatly reduced in the region adjacent to the freeze-induced
microgyrus. Although staining was preserved in layer I, fewer dendrites were stained in upper
cortical layers. Deeper cortical layers were virtually devoid of immunoreactivity. Examination of
biocytin-labeled pyramidal cells revealed markedly altered dendritic trees in the lesioned animals.
In addition, resting membrane properties were altered and a subpopulation of neurons with
abnormal dendritic arbors was present. These changes are likely to interact with the previously
reported synaptic changes in this model of cortical dysplasia. HCN channel alterations are a
potentially important cellular mechanism underlying hyperexcitability in cortical dysplasia.
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Introduction
Cortical dysplasias, microgyria, and heterotopias are associated with intractable seizure
disorders in humans (Sisodiya 2004). Up to 43% of patients receiving surgical treatment for
intractable seizures have some sort of cortical microdysgenesis (Finardi et al. 2006; Leventer
et al., 2008). Anticonvulsant drug therapy is often ineffective in patients with cortical
malformations (Sisodiya, 2004). Studies in vitro of brain slices prepared from human
dysplastic neocortex have demonstrated that this tissue displays intrinsic hyperexcitability
(Mattia et al. 1995; Avoli et al. 1999; Cepeda et al. 2003). Many of the electrophysiological
and anatomical features of human cortical dysplasia are reproduced in the rat freeze-lesion
model where hyperexcitability is seen predominantly in the area adjacent (0.5 to 2.5 mm
lateral) to the microsulcus (Jacobs et al. 1996; Hablitz and DeFazio 1998). Thalamic
afferents abnormally innervate the hyperexcitable zone in the freeze lesion model (Rosen et
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al., 2000). The possibility of aberrant inputs from the microgyral region or immediately
adjacent cortex has not been examined. Malformed neurons in this area with aberrant
connections could contribute to altered excitability.

Neocortical layer V pyramidal cells have long apical dendrites extending vertically for
millimeters as they send their apical tufts into layer I. Immunocytochemical studies have
shown that hyperpolarization-activated non-selective cation (HCN) channels are highly
expressed in the apical dendrites of these neurons (Lorincz et al., 2002) where HCN-
mediated Ih currents regulate dendritic excitability (Berger et al., 2001). Impairments in
neocortical Ih have been reported in several models of epilepsy (Chen et al., 2002; Wahl-
Schott and Biel, 2009) although changes in cortical dysplasia have not been investigated.
Here we explore the possible role of changes in two factors on increased excitability in the
freeze-lesion model of cortical dysplasia, namely, (1) altered morphological features of
pyramidal cells in dysplastic cortex and (2) changes in immunohistochemical staining for
HCN1, the principal HCN subunit expressed in neocortex. HCN1 staining appears to be
markedly reduced in this model and a subpopulation of pyramidal cells with markedly
distorted apical dendrites has been identified.

Neuronal features in the experimental freeze lesion
Focal freeze lesions were induced in postnatal day 1 Sprague-Dawley rats as described
previously (Jacobs et al., 1996; Hablitz and DeFazio, 19987). Freeze-lesioned and sham-
operated rats were allowed to recover for 19–23 days. As described previously for rat
neocortex (Lorincz et al., 2002), prominent HCN1 staining in seen in the apical dendrites of
layer V pyramidal cells in normal cortex (Fig. 1A). Apical tufts located in layer I also are
well-stained. In contrast, staining in sections from animals who had received freeze lesions
on postnatal day 1 was greatly reduced in the region adjacent to the microgyrus (Fig. 1B).
Although staining was preserved in layer I, fewer dendrites were stained in upper cortical
layers. Deeper cortical layers were virtually devoid of immunoreactivity.

The HCN immunoreactivity results suggested that Ih should be reduced or absent in neurons
near the microgyrus. Since Ih is active at rest in neocortical pyramidal cells (Berger et al.,
2001), neurons near the lesion should have more negative resting potentials and larger
somatic input resistance than neurons in sham operated animals. Complex interactions
between intrinsic properties, synaptic and voltage-dependent currents will determine the net
effect on excitability resulting from the changes observed here. (Dyhrfjeld et al., 2009)

Previous studies of pyramidal neurons in the hyperexcitable zone adjacent to the
microsulcus have reported that neuronal morphology was well preserved (Jacobs et al.,
1996; Luhmann et al., 1998. We observed a small population of neurons with markedly
altered dendritic branching patterns. Fig. 2A shows a photomicrograph of a typical freeze-
induced microgyrus. When neurons were labeled in the hyperexcitable zone adjacent to the
microgyrus, deeper layer pyramidal cells were found to have normal appearing apical
dendrites which ascended and branched in layer 1 (Fig. 2B arrow). In contrast, neurons
located immediately below the lesion had a markedly altered dendritic tree (Fig. 2B, double
arrows). The apical dendrite begins to ascend vertically but then abruptly turned to the right
as it approached the lesion. This type of morphology was seen in approximately 10% of the
cells examined (n =30).

Cortical dysplasia induced in rats by freeze lesions in the PN 0-1 period has been
extensively studied. Alterations in excitatory and inhibitory synaptic transmission have been
reported. However, there has been little indication that cortical dysplasia was associated
with changes in intrinsic membrane excitability or neuronal morphology, aside from
disruptions of cortical lamination. Our recent findings described above demonstrates that
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HCN1 expression, as visualized by immunocytochemistry, is decreased in the vicinity of the
freeze-induced microgyrus, in resting membrane properties are altered and a subpopulation
of neurons with abnormal dendritic arbors is present. These changes are likely to interact
with the previously reported synaptic changes to produce the hyperexcitability seen in this
model.

Hyperexcitability in freeze-induced dysplastic cortex is thought to be due to increases in
innervation which result in a shift in the balance between inhibition and excitation (Jacobs
and Prince, 2005). This hyperinnervation has been postulated to be due to redirection of
afferents originally destined to the microgyral region to the hyperexcitable zone (Zsombok
and Jacobs, 2007). Another possible source of excessive innervation could be the atypical
pyramidal cells identified here. The extensive dendritic fields and lack of HCN1 expression
could make these cells hyperexcitable and possible initiators of epileptiform activity. We are
currently reconstructing the collateral axonal projections of these cells to determine if they
target cells in the hyperexcitable zone.

Discussion – the potential effects of HCN abnormalities
HCN-mediated Ih currents are potent regulators of single-cell and network excitability (Chen
et al., 2002). The exact mechanisms underlying the effects of alterations in Ih on neuron and
circuit activity are unclear. Further studies on intrinsic excitability and synaptic integration
are needed to determine if our observed effects could contribute to hyperexcitability in the
freeze-lesion model. It will also be important to test for Ih changes in interneurons.
Neocortical interneurons have robust, ZD7288-sensitive, Ih currents (Wu and Hablitz, 2005).
Interneuron Ih changes in epilepsy have received little attention.

The direction of HCN expression change in epilepsy is varied. Febrile seizures in rats are
associated with an upregulation of Ih (Dyhrfjeld-Johnsen et al., 2008) whereas bidirectional
changes are seen in status epilepticus models (Shin et al., 2008). In a rat model of absence
epilepsy there is a rapid decline in HCN1 expression that precedes seizure onset (Kole et al.,
2007). This loss can be prevented by environmental manipulations early in development
resulting in decreased seizure activity (Schridde et al., 2006), suggesting that targeting Ih
may have therapeutic value.
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Figure 1.
Photomicrographs of HCN1 immunoreactivity in rat neocortex. (A) Section stained with an
antibody to HCN1. Sections were incubated in an anti-HCN1 antibody (Chemicon; diluted
1:2500) overnight at room temperature. After washing, sections were incubated in a
biotinylated secondary antibody for 1 h and then transferred to a avidin-biotin-peroxidase
solution for 90 min. Visualization was completed using the cobalt/nickel DAB method. The
apical dendrites of layer V neurons were well stained whereas cell bodies and axons were
largely immunonegative. (B) Section from lesioned animal processed in parallel with section
shown in A. HCN1 immunoreactivity is markedly reduced and dendrites that are
immunoreactive show abnormal organization and branching. Arrow indicates border of
microgyrus.
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Figure 2.
Morphological appearance of freeze-induced microgyrus and pyramidal neurons. (A) Nissl-
stained section showing characteristic features of a freeze-induced microgyrus. (B) Camera
lucida reconstruction of two pyramidal neurons, one located in the hyperexcitable zone
(single arrow) and a second in the vicinity of the microgyrus (double arrow). A tracing of
the pial surface and infolding of the microsulcus is shown. Normal dendritic patterns are
seen in the neuron located in the hyperexcitable zone whereas aberrant dendritic orientation
is seen in the cell close to the microgyrus.
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