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Abstract
Purpose—Mice lacking the Kv1.1 potassium channel α subunit encoded by the Kcna1 gene develop
recurrent behavioral seizures early in life. We examined the neuropathological consequences of
seizure activity in the Kv1.1−/− (“knock-out”) mouse, and explored the effects of injecting a viral
vector carrying the deleted Kcna1 gene into hippocampal neurons.

Methods—Morphological techniques were used to assess neuropathological patterns in
hippocampus of Kv1.1−/− animals. Immunohistochemical and biochemical techniques were used to
monitor ion channel expression in Kv1.1−/− brain. Both wild-type and knockout mice were injected
(bilaterally into hippocampus) with an HSV1 amplicon vector that contained the rat Kcna1 subunit
gene and/or the E.coli lacZ reporter gene. Vector-injected mice were were examined to determine
the extent of neuronal infection.

Results—Video/EEG monitoring confirmed interictal abnormalities and seizure occurrence in
Kv1.1−/− mice. Neuropathological assessment suggested that hippocampal damage (silver stain) and
reorganization (Timm stain) occurred only after animals had exhibited severe prolonged seizures
(status epilepticus). Ablation of Kcna1 did not result in compensatory changes in expression levels
of other related ion channel subunits. Vector injection resulted in infection primarily of granule cells
in hippocampus, but the number of infected neurons was quite variable across subjects. Kcna1
immunocytochemistry showed “ectopic” Kv1.1 α channel subunit expression.

Conclusions—Kcna1 deletion in mice results in a seizure disorder that resembles –
electrographically and neuropathologically – the patterns seen in rodent models of temporal lobe
epilepsy. HSV1 vector-mediated gene transfer into hippocampus yielded variable neuronal infection
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Introduction
In the past decade, mutations in over 70 genes have been identified and linked to inherited
epilepsies (e.g., Noebels, 2003). Further, studies of epilepsy-related genes in animal models
have provided important insights into potential underlying mechanisms (Burgess, 2006;
Noebels, 2006). For example, changes in gene expression that give rise to up- or down-
regulation of receptors/transmitters can affect seizure frequency and/or alter seizure threshold
(e.g., Baraban et al., 1997; Mazarati et al., 2000; Richichi et al., 2004). These genetic and
molecular insights into seizure propensity have been supplemented by the discovery of a large
number of single gene mutations - in mice and in man - that appear to determine chronic seizure
disorders (Burgess and Noebels, 1999; Steinlein and Noebels, 2000; Yang and Frankel,
2004). In particular, mutations and/or deletions of genes regulating the expression of key ion
channels – e.g., potassium channels – can result in enhanced or impaired channel function (i.e.,
channelopathies) (Mulley et al., 2003; Burgess, 2006; Noebels, 2006).

Voltage-gated potassium channels (Kv channels) are critical regulators of neuronal excitability,
and mutations in potassium channel subunit genes are associated with diverse clinical
phenotypes including seizure disorders (Noebels, 2003). Voltage-gated potassium channels
are membrane protein complexes of four pore-forming and voltage-sensitive α subunits and
up to four cytoplasmatic subunits (Trimmer, 1998). The Kv1.1 α subunit (the product of the
Kcna1 gene) was the first mammalian Kv channel subunit to be cloned (Tempel et al., 1988).
In both rodent and human brain, it is abundantly and widely expressed (Tempel et al., 1988;
Wang et al. 1993, 1994; Rhodes et al., 1995; Coleman et al., 1999; Trimmer and Rhodes,
2004). Expression of Kv1.1α subunits in heterologous cells results in formation of
homotetrameric channels, mediating a delayed rectifier potassium current (Stuhmer et al.,
1988). However, in native cells, Kv1.1 exists exclusively in heteromeric channels containing
Kv1.2 and Kv1.4 α subunits and Kvβ1 and Kvβ2 auxiliary subunits (Koch et al., 1997;
Shamotienko et al., 1997). Previous studies have shown that Kv1.1-containing potassium
channels are predominantly localized to axons (juxta-paranodal regions of myelinated axons
and fine non-myelinated axons) and axon terminals in hippocampus (Wang et al., 1993,
1994; Rhodes et al., 1995, 1997; Monaghan et al., 2001) and cerebellum (Wang et al., 1993;
Rhodes et al., 1997; Strassle et al., 2005). The co-assembly of Kv1.1 with Kv1.4 (Ruppersberg
et al., 1990) and/or Kvβ subunits (Rettig et al., 1994) in heterologous cells gives rise to channel
properties distinct from those channels composed of Kv1.1 alone (A-current vs. delayed
rectifier). Furthermore, the subunit composition of Kv1.1-containing channels can affect
intracellular trafficking and surface expression efficiency; Kv1.1 homotetramers are
predominatly retained intracellularly, while Kv1.1-containing heterotetramers are expressed
on the cell surface (Manganas & Trimmer, 2000).

Previous reports from our laboratory have described the functional consequences of the mouse
Kcna1 gene deletion (Smart et al., 1998; Rho et al., 1999; Lopantsev et al., 2003). Deletion of
the Kcna1 gene resulted in Kv1.1 knock-out mice which exhibit frequent recurrent spontaneous
seizures, beginning 2-4 weeks postnatally, consistent with the expected developmental
expression of Kcna1 (Smart, et al., 1998; Grosse et al., 2000; Hallows and Tempel, 1998;
Trimmer, unpublished). Seizures in Kv1.1−/− mice display many of the characteristics of
temporal lobe seizures in other rodent models of temporal lobe epilepsy (e.g., initial “freezing,”
then sniffing and licking, rearing, and progressing through forelimb clonus and generalized
tonic-clonic seizures), suggesting that limbic structures - e.g., the hippocampus - may play an
important role in the epileptic process (Rho et al., 1999). Kv1.1 knock-out mice also have
reduced evoked seizure thresholds, as well as abnormal action potential conduction in
peripheral nerves (Smart et al., 1998; Rho et al., 1999). Analogously, neuronal excitability is
increased dramatically in neurons of the medial nucleus of the trapezoid body of Kv1.1−/−

mice, caused by a decrease in the low-voltage activated current IKL, to which the Kv1.1 subunits
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normally contribute (Brew et al., 2003), limiting both spike frequency and jitter (Gittelman &
Tempel, 2006).

The identification of disease-causing gene mutations and the development of genetic models
closely replicating human CNS pathologies have not only increased our understanding of
underlying molecular/genetic events, but also opened new opportunities for therapeutic
interventions of a variety of diseases via gene transfer (reviewed in Vadolas et al., 2002; Verma
and Weitzman, 2005) -- e.g., cancers and diabetes (Kaminski et al., 2002; Welsh, 1999) and
neurodegenerative disorders (McCown, 2004, 2005; Glorioso and Fink, 2004; Chen et al.,
2005; Deglon and Hantraye, 2005; Frampton et al., 2005). Only a small number of epilepsy
studies have been carried out to examine the potential of gene transfer techniques for inducing
the expression of “therapeutic molecules” that might modulate or influence brain excitability
(e.g., see Fisher and Ho, 2002; Lin et al., 2003; Vezzani, 2004; McCown et al., 2004; Richichi
et al. 2004). We have begun to pursue that strategy within the context of seizure activity in
Kv1.1 knockout mice, focusing on Kv1.1 α subunit replacement via gene transfer into critical
subpopulations of hippocampal neurons. While there are many potential strategies for testing
the potential of gene transfer approaches, we've chosen to focus on replacing a gene product
known to be deficient in this model, the absence of which is central to the epileptic phenotype.

The goals of the present study were: (1) to expand our understanding of seizure-related
pathologic features of the Kv1.1 knock-out mouse model, particularly as they relate to seizure
occurrence; (2) to localize, ultrastructurally, Kv1.1 channels in wildtype hippocampal neurons
and axons of major hippocampal pathways; (3) to determine the nature and extent of
compensatory changes in the expression and localization of related ion channels in the Kv1.1
knock-out mouse; and (4) to determine the structural expression pattern of Kcna1 following
Kcna1 gene transfer into hippocampus of mice lacking Kcna1.

Materials and Methods
Animals

The morphological analyses of Kcna1 localization, gene deletion and viral vector-associated
gene transfer into hippocampal neurons were carried out in brains of homozygous Kv1.1 knock-
out mice of the Kcna1tm1Tem strain (total n=64). The Kcna1 gene deletion was generated on a
129Sv genetic background. Description of the gene deletion protocol and initial
characterization of these mice have been published (Wang et al., 1994; Smart et al., 1998).
Kv1.1 knock-out features were compared with those of wild-type mice of the same background
and age (total n=56). The majority of investigations were carried out on 2-5 month old mice;
a small number of older animals (10-12 months) were also included for comparison. All
experiments were conducted in compliance with the NIH Guide for Care and Use of Laboratory
Animals, and were approved by the Institutional Animal Care Committee of the University of
California at Davis.

Video/EEG Monitoring
Both wild-type and Kv1.1−/− mice were prepared for video/EEG monitoring. Recordings were
carried out with a Telefactor video/EEG system (Telefactor, W. Conshohocken, PA). Chronic
EEG electrodes were surgically implanted (ketamine/xylazine anesthesia) using sterile
technique. Micro-screws (stainless steel) served as surface recording electrodes, and a twisted
pair of fine stainless steel wires was introduced stereotaxically into the right dorsal
hippocampus (2.1mm posterior from bregma; 1.5mm from the midline; 1.8mm deep from the
cortical surface). Electrodes were attached to a micro-plug, and cemented to the cranium with
dental acrylic. Behavior and EEG were simultaneously recorded from freely-moving animals;
mice were monitored for 4-5 hours/session, for 3-6 sessions over the course of 2 weeks.
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Immunoblot analyses of brain proteins
Intact brains from wild-type and Kv1.1−/− littermates were homogenized and a crude
membrane fraction was prepared as previously described by Trimmer (1991). In brief, brains
were homogenized in 5 mM phosphate buffer (pH 7.4) containing 320 mM sucrose and 100
mM NaF. The homogenate was centrifuged at 800g for 10 minutes to remove nuclei and
unbroken tissue, and the resultant supernatant centrifuged at 100,000× g for one hour to prepare
a crude membrane fraction. Equal amounts of membrane protein (10 μg per lane) were
electrophoretically size-fractionated on 9% SDS polyacrylamide gels and transferred to
nitrocellulose membranes. The resulting blots were incubated with different mouse monoclonal
antibodies (NeuroMab, Davis, CA (www.neuromab.org) used at 2 μg/ml), washed and then
incubated with HRP-conjugated secondary antibodies (ICN, Cleveland, OH) followed by
enhanced chemiluminescence reagent (Perkin Elmer, Wellesley, MA). Immunoreactive bands
were visualized by exposing the blots to X-ray film.

Viral Vector Delivery
A non-pathogenic herpes simplex virus (HSV1) amplicon vector was used. The vector
contained either the E.coli lacZ gene alone (to express beta-galactosidase (β-gal) as a reporter
molecule) or both lacZ and the gene for the rat Kcna1 subunit. Details of the viral vector
preparation have been published (Lee et al., 2003). Previous studies demonstrated more than
98% co-expression of transgene and reporter gene in this system, with the vector showing a
>4-fold preference for infecting neurons over glia (Fink et al., 1997; Lee et al., 2003). Animals
were anesthetized with 2% isoflurane and positioned in a stereotaxic frame. Viral vectors were
injected bilaterally (15×103 vector particles and 25×103 helper virus particles/injection) at two
sites per hemisphere (injection volume of 1.2μl per site), into the dentate gyrus/CA3 region of
the dorsal and/or middle hippocampus. For dorsal hippocampus, coordinates for injection were:
posterior from bregma 2.1, lateral from midline 1.5, depth from cortical surface 1.8; for the
middle hippocampus, coordinates were AP-2.8, L +/−3.3, V −4.0. The vectors were delivered
at a rate of 0.2μl per minute over 5 minutes, using a 10μl Hamilton syringe. A total of 31 mice
were injected.

Tissue Preparation for Light Microscopy/Immunocytochemistry
General tissue preparation—Animals were anesthetized with sodium pentobarbital (100
mg/kg, i.p.) at the predetermined age or survival time, then perfused with isotonic saline with
heparin (1000 units/ml saline), followed by a solution of 4% paraformaldehyde (PFA) in 0.1M
sodium phosphate buffer (PB; pH 7.4), 0.05 % glutaraldehyde and 1% picric acid and/or 4%
PFA only. The brains were immediately removed and placed in the same fixative for 1-4 hours
at 4°C. After post-fixation, the brains were rinsed in PB, cryoprotected in 10% sucrose in 0.1M
PB for 1 hour, followed by 30% sucrose in 0.1M PB for 24 hours at 4 °C, then frozen on dry
ice. Thirty μm transverse serial sections were cut on a sliding microtome equipped with a
freezing stage, then selected for further processing which included: cresyl violet staining for
general histological evaluation; immunocytochemistry for neuronal and glial cell markers and
for Kv1.1 protein; histochemistry for zinc (Timm staining) and for β-galactosidase (X-gal
staining); and Fink-Heimer staining for degenerated neurons and axonal terminals. Sets of
coronal sections representing different antero-posterior levels of the hippocampus were
sampled (for details see Wenzel et al., 2001).

Immunocytochemistry—Immunocytochemical methods were used to characterize the
seizure-induced pathologies in Kv1.1 −/− mice, to localize the distribution of Kv1.1 channels
in hippocampal neurons of wild-type mice, and to determine localization of newly expressed
Kv1.1 channels following HSV infection in Kv1.1 −/− mice. Subsets of alternate sections were
processed for immunocytochemistry (ICC) using a modification of the avidin-biotin complex
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(ABC)-peroxidase technique (Hsu et al., 1981), and performed as previously described
(Wenzel et al., 2004). Briefly, sections were rinsed in PB, followed by 0.1M Tris-HCL buffer
(TB) (pH 7.4); endogenous peroxidases were then inactivated by treatment with 0.5-1%
H2O2 in TB for 2 hours. Sections used for Kv1.1 ICC were pretreated with 0.1-1.0% sodium
borohydride and/or microwaved in 10mM citric acid buffer. Sections were then treated with
3-5% bovine serum albumin (BSA) (Boehringer Mannheim, Indianapolis, IN), 3% goat or
horse serum (Sigma, St.Louis, MO) and 0.3% Triton X (TX) (0.25% DMSO for Kv.1.1 ICC)
in 0.05M TB, 0.15M NaCl, pH 7.4 (TBS) for 1 hour to reduce nonspecific staining. Sections
were rinsed in TBS for 30 minutes and incubated for 24 hours at 4° C in the various antibodies
and dilutions [mouse anti-β-galactosidase, (Chemicon, Temecula, CA), 1:1000; rabbit anti-
cow Glial Fibrillary Acidic Protein (GFAP), (DAKO Corporation, Carpinteria, CA), 1:4000;
and poly- and monoclonal antibodies against Kv1.1 and Kv1.4 (Rhodes et al., 1995; 1997),
1:750 and 1:50, respectively] in TBS containing 1% goat or horse serum, 2% BSA and 0.3%
TX (0.3% DMSO for electron microscopy). Anti-Kv1.1 (K20/78), anti-Kv1.2 (K14/16) and
anti-Kv1.4 (K13/31) mouse monoclonal antibodies used in this study are available from
NeuroMab (www.neuromab.org), a not-for profit supplier of monoclonal antibodies
administered through the University of California. Following rinses for 2 hours in TBS,
sections were incubated in biotinylated goat anti-rabbit IgG or horse anti-mouse IgG (Vector
Laboratories, Burlingame, CA), diluted 1:500 for 24 hours at 4° C, rinsed 2 hours in TBS and
then incubated in ABC (Elite ABC Kit, Vector Laboratories, Burlingame, CA), diluted 1:500
in 1% goat or horse serum, 2% BSA, 0.3% TX/DMSO and TBS for 24 hours at 4° C. Sections
were rinsed thoroughly in TB (pH 7.6), and then incubated for 15 minutes in 0.025% 3,3’-
diaminobenzidine (DAB, Sigma, St. Louis, MO) in TB. After reacting for 5-10 minutes in fresh
DAB with 0.003% H2O2, sections were rinsed in TB, followed by PB. Specificity of the
immunostaining was evaluated by omitting primary antibodies from the regular staining.
Sections were mounted on slides, dehydrated, cleared, and coverslipped with Permount.

For double-label immunofluorescence staining, sagittal brain sections (40 μm thick) were cut
on a freezing stage sliding microtome. Free-floating sections were treated with 10% goat serum
in phosphate buffer containing 0.3% TX-100 (vehicle), and then incubated them overnight at
4°C in vehicle containing different combinations of mouse monoclonal antibodies of different
IgG isotypes. Sections were incubated in isotype-specific Alexa-conjugated secondary
antibodies (Invitrogen, Carlsbad, CA) as described previously (Strassle et al., 2005).

Timm staining—The Timm method for staining heavy metals was used for the detection of
synaptic vesicular zinc (particularly enriched in hippocampal mossy fiber boutons). After
initial perfusion fixation with 4% PFA, the brains were transferred to a solution containing
3-4% glutaraldehyde, 0.1% Na2S, and 0.136 mM CaCl2 in 0.12 M Millonig's PB, pH 7.3, for
48 hours at 4° C, followed by cryoprotection in 30% sucrose. Frozen sections were cut at 30
μm and then mounted on slides, air-dried and then transferred to a fresh developer solution
containing 30 ml gum Arabic (50%), 5 ml 2 M citrate buffer, 15 ml hydroquinone (5.76%) and
250 μl silver nitrate (0.73%) for 1 hour in the dark. Sections were counterstained with cresyl-
violet, dehydrated, cleared in toluene and coverslipped.

X-Gal staining—Following vector delivery of the E.coli lacZ gene, reporter expression
becomes evident 2-4 hours post-transfection, increases to a maximal plateau at 12-72 hours,
and declines to undetectable levels by about 5 days (Lee et al., 2003). At predetermined survival
times, the brains of the experimental animals were perfused with 4% PFA and postfixed for 4
hours in the same solution, then cryoprotected and sectioned at 30μm. Sections were then rinsed
in 0.1M PB, permeabilized with a solution containing 0.02% sodium deoxycholate and 0.1%
NP40 (Sigma/Aldrich, St. Louis, MO, and Fluka Biochemica, Switzerland, respectively).
Following rinse in 0.1M PB, sections were stained with X-Gal (5-Bromo-4-Chloro-3-Indolyl-
β-D-Galactopyranoside; Sigma/Aldrich) by incubation in a solution, which consisted of K-
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ferricyanide(I) 5mM, K-ferrocyanide(II) 5mM, MgCl2 2mM, and X-Gal 1mM in 0.1 saline
PB, for 8-12 hours. X-Gal-positive staining was indicated by presence of blue-stained neurons.

Fink-Heimer degeneration staining—Sections were stored at least 1 week in 5-10%
formalin, then rinsed in 0.1 M PB, treated with 0.5% potassium permanganate, and bleached
with 1% oxalic acid and 1% hydroquinone. The sections were then impregnated with 0.6%
AgNO3 in 0.1% uranyl nitrate, then with 1.5% AgNO3 in 0.2% uranyl nitrate, followed by
ammoniacal silver nitrate solution (containing 2.5% AgNO3 in 0.1% NaOH and 1.2%
NH4OH), then reduced twice in 0.03% citric acid and 0.3% formalin in 9.5% ethanol. Finally,
the sections were treated with 0.5% sodium thiosulfate, rinsed, mounted on gelatine-coated
slides, and coverslipped.

Pre-embedding immunocytochemistry and electron microscopy
For electron microscopic analysis, pre-embedding ICC for anti-Kv1.1 channel protein was
used. Hippocampal sections containing Kv1.1-positive neurons and/or axons (in CA3 stratum
lucidum or dentate molecular layer and hilus), as seen at the light level, were selected. Sections
were rinsed in PB and post-fixed in 1% osmium tetroxide in 0.15M PB, pH 7.4, for 1 hour at
room temperature, followed by alcohol dehydration, and flat embedding in Eponate 12 resin
(Ted Pella, Redding, CA) between two aclar sheets. After polymerization at 60°C, selected
areas of the sections containing immuno-stained cells or processes were remounted on plastic
blocks, then trimmed; serial thin sections were cut, stained with uranyl acetate and lead citrate,
and examined with a Philips CM120 electron microscope.

Quantitative Analyses
Assessment of neuronal cell loss/Stereological cell counts—Unbiased
stereological techniques - as described previously (Zhao et al., 2003) - were used to estimate
the number of neurons in the right dentate hilus of wildtype mice (n=4), and two groups of
Kv1.1 knock-out mice; one Kv1.1−/− group (n=4) experienced mild/moderate seizures but no
prolonged, severe seizure episodes were observed. The other Kv1.1−/− group (n=4) were
observed to have experienced episodes of status epilepticus (n= 4). In sections from all animals,
hilar cell number and volume were measured. The hilus was defined by its borders with the
granule cell layer and by two straight lines connecting the proximal end of the CA3 pyramidal
cell layer with the tips of the dorsal and ventral blades of the granule cell layer. Only healthy-
appearing neurons were counted; degenerating neurons (i.e.., cells exhibiting apoptotic bodies
and/or microvacuolation) - frequently observed in status epilepticus animals - were excluded.
The stereological procedure involved a systematic collection of seven evenly spaced sections
through the entire region of interest (ROI). From brains cut into 30 μm coronal sections, every
section was collected to encompass the entire ROI (i.e., the dentate hilus of the dorsal
hippocampus between bregma −1.46mm and −2.36mm (Franklin & Paxinos, 1997)). Every
fifth section was stained and the ROI area in each section was measured. Regional area was
estimated with suitable precision by applying a point grid with a known area associated with
each point. Region volume was then calculated using the Cavalieri method (Gundersen &
Jensen, 1987). The grid generation and volume calculations were performed with
Stereologer™ (Version 1.3) software, using a Nikon E600 microscope with motorized xyz
stage controller (ASI MS-2000). Unbiased cell counting was performed using the optical
fractionator stereological method (West et al., 1991) (which calculates the total number of
objects in the entire reference space by summing the objects sampled in the individual
dissectors and multiplying by the reciprocals of the sampling fractions for section, area, and
thickness of the reference space).

Mossy fiber synaptic reorganization—Mossy fiber reorganization was evaluated by
scoring the distribution of Timm-stained granules in the dentate granule cell layer and
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supragranular region (i.e., the most inner part of the inner third of the dentate molecular layer),
as previously described (McKhann et al., 2003). Following Tauck and Nadler (1985), we scored
sections with no or only occasional Timm granules in the GCL and/or in the supragranular
region as 0. Sections with scattered Timm granules throughout the GCL and within the
supragranular region were given a score of 1. Sections that exhibited either patches of heavily-
stained mossy fibers interspersed with regions of sparser staining or a continuous band of low
staining intensity within the supragranular region, were given a score of 2. Sections with a
dense, continuous band of supragranular mossy fiber staining that extended into, or covered
the entire IML, were scored as 3.

Statistical analysis—Cell counts from stereological estimates were analyzed using separate
one-way ANOVA between experimental animal groups. The Bonferroni multiple comparison
test was used to make individual comparisons while holding experiment-wise error rate to 0.05.
Precision of cell number estimates and precision of ROI volume estimates were calculated
using coefficient of error (CE), with Stereologer™ software (MicroBrightfield, Inc.,
Williston,VT).

Results
General Morphology

Brains of Kv1.1 knock-out mice appeared histologically normal, and did not present with gross
developmental defects when compared with wild-type mice. However, the average brain
weight of adult (2-5 month old) Kv1.1−/− mice was approximately 20% greater than the brain
weight of wild-type mice (Smart et al., 1998; Persson et al., 2007). Immunocytochemistry for
the Kv1.1 α subunit confirmed the complete absence of Kcna1 immunoreactivity (reflecting
absence of channel expression) in the knock-out mouse, and the characteristic pattern of subunit
expression in the wild-type animal (cf. A and B in Fig. 1).

Observation of seizure behaviors and EEG monitoring
The seizure phenotype resulting from Kcna1 gene deletion has been previously described
(Smart et al., 1998; Rho et al., 1999). In brief, during the second-to-third postnatal week,
Kv1.1−/− mice begin to exhibit seizure-like behaviors (e.g., episodic eye blinking, twitching
of vibrissae, forelimb paddling, arrested motions and hyper-startle responses (Smart et al.,
1998)). These behaviors progress into spontaneous generalized seizures by 4-5 weeks
postnatal. Generalized tonic-clonic seizures typically begin with tonic arching and tail
extension, followed by forelimb clonus (or rearing and forelimb clonus), and then generalized
synchronous forelimb and hindlimb clonus; seizures are typically followed by a period of post-
ictal depression (Rho et al., 1999).

As reported earlier (Smart et al., 1998), a large percentage (>50%) of the Kv1.1−/− mice do not
survive beyond 5-6 weeks postnatal (the exact percentage is sensitive to background strain);
death is thought to be due to cardiac and/or respiratory failure associated with severe
generalized seizure activity lasting for several hours (i.e., status epilepticus). Mice that survive
beyond 5-6 weeks of age continue to exhibit spontaneous seizures. In our study, seizure activity
in these long-term survivors (some surviving for more than 12 months) was generally of lesser
intensity than seen in animals that died at earlier ages. Seizure-associated electrical brain
activity in Kv1.1−/− mice was monitored from skull (cortical surface) and depth (hippocampal)
electrodes in 8 mice (4 wild-type and 4 Kv1.1−/−) from which subsequent histology was
obtained. Seizure monitoring was also carried out in an additional 17 animals (8 wild-type and
9 Kv1.1−/−) from which no subsequent histology is available. Seizure-like EEG patterns
appeared at both recording sites; often onset appeared “simultaneously” so that it was not
possible to determine a focal onset. However, in a few cases, the onset of a seizure EEG pattern
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in the depth recording preceded ictal-like activity on the surface. Figure 1E shows an example
of such a seizure, with EEG recording from a Kv1.1−/− mouse during “interictal” activity (top
traces from surface and depth) and leading into a spontaneous tonic-clonic seizure event
(accompanied by facial clonus, rearing and falling, forelimb and hindlimb clonus, and
generalized tonic-clonic activity). Pre-seizure interictal “spikes” were seen particularly in the
surface (Cortex) lead (asterisks). The ictal episode began with abrupt voltage depression in the
depth (Hippocampus) lead (black arrowhead), with activity progressing into high-amplitude
fast spiking activity which increased in amplitude and was then maintained for several seconds
(both surface and depth). High amplitude EEG seizure discharge stopped abruptly (blue
arrowhead), with EEG flattening; occasional brief discharges were then superimposed on the
EEG (particularly in hippocampus) until a normal EEG pattern was restored. Ictal episodes
typically lasted 40-100 seconds, and behavioral changes were usually associated with abnormal
ictal electrical activity. However, in some animals, ictal EEG patterns were observed in the
absence of obvious behavioral changes. None of the wild-type mice displayed either EEG or
behavioral seizure patterns.

Seizure-related neuropathology
While seizure phenotype had been previously described for the Kv1.1 knock-out mouse, that
description has to date lacked a correlative neuropathological characterization. We therefore
examined histopathological features in hippocampus of Kv1.1−/− mice, with attention to
patterns of neuronal damage, gliosis, and mossy fiber sprouting. Initial qualitative assessment
of Nissl-stained and ICC-prepared material was based on observations of 24 mice. These
observations suggested obvious neuronal loss in hippocampal subfields, dentate hilus,
thalamus and other cortical regions of adult Kv1.1−/− mice compared to age-matched normal
controls. The changes were quite variable from animal to animal. When neuropathology was
examined in relation to behavioral seizure observations, it became clear that significant (i.e.,
qualitatively obvious) neuropathology was seen primarily in animals with documented status
epilepticus (SE). This relationship was relatively independent of age. For example, 10 week
old Kv1.1−/− mice that were observed to have experienced status epilepticus (i.e., prolonged
severe seizures lasting more than 10 minutes) consistently exhibited widespread damage in
large portions of the hippocampal subfields CA1 and CA3 (Fig. 2B, E). Although our
observation period was limited (and it was therefore impossible to quantify total time in
seizure), it is likely that these particular animals experienced additional severe seizures. In the
mice with status epilepticus, neuronal loss seen in Nissl-stained sections corresponded to
extensive and intense degenerative profiles (cell bodies and axonal terminals) within the same
hippocampal subregion, as revealed by Fink-Heimer staining (Fig. 2C, D). In the hilus of
Kv1.1−/− mice, degeneration of hilar interneurons and mossy cells was reflected in axonal
terminal degeneration in the cells’ fields of termination (e.g., mossy cell terminal degeneration
in the dentate inner molecular layer; terminal degeneration associated with dentate interneuron
subpopulations in the outer molecular layer) (Fig. 4D). Animals which had experienced status
epilepticus and were sacrificed at 1-2 month of age also exhibited neuronal cell death and
extensive terminal degeneration (as detected in cresyl violet and Fink-Heimer staining), often
involving brain regions in addition to hippocampus ( e.g., neocortex, piriform cortex, thalamus,
amygdala) (Fig. 3A-D). In contrast to such severe neuropathological changes, animals
sacrificed at 2-5 months that showed (during our limited observation periods) few and/or mild
seizures - e.g., only “early stage” seizures (immobilization, vibrissae twitching or forelimb
clonus) or a generalized seizure lasting for only a few seconds - typcially exhibited little cell
loss and/or degenerative changes.

These qualitative observations were confirmed in a subset of control and Kv1.1 knock-out mice
(n=4/group) subjected to quantitative stereological analysis of the hilus (a region particularly
sensitive to cell loss). In these animals, total hilar cell number in SE Kv1.1−/− mice was much
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lower than in controls or in non-SE Kv1.1−/− mice (Table 1). Cell number in non-SE
Kv1.1−/− mice was slightly less than in controls (statistically insignificant), suggesting that
even a low level of ongoing seizure activity could affect cell viability. Interestingly, hilar
volume was much larger in Kv1.1−/− mice (both SE and non-SE Kv1.1−/− mice), consistent
with the generally higher brain volume and weight in the knock-outs. Given this disparity,
neuronal cell density was much lower in Kv1.1−/− mice.

The expression of GFAP immunoreactivity in hippocampal astrocytes was used as a marker
for reactive astrocytosis. Astrocytes were defined as “reactive” when their GFAP-stained cell
bodies were hypertrophic and they had large processes (more than two times thicker in diameter
than normal and/or with expanded processes (McKhann et al. 2003)). In the Kv1.1−/− mice,
the degree of reactive astrogliosis varied considerably across animals, again depending upon
seizure severity, duration, and frequency. All of the Kv1.1−/− mice sacrificed at 2-5 months of
age, that had experienced seizures episodes since early in postnatal life showed striking up-
regulation of GFAP expression (Fig. 2F-H). In animals observed to have infrequent and mild
seizures (e.g., one seizure per 2-3 hours of observation time), the patterns of GFAP expression
typically reflected mild gliosis in distinct hippocampal regions (particularly the dentate gyrus/
hilus and CA3 subfields). In all animals observed to have experienced status epilepticus, there
was extensive astrogliosis throughout the hippocampus as well as in other brain regions (e.g.,
neocortex, piriform cortex, thalamus, amygdala).

This relationship between SE and neuropathology held also for older mice, >10 months at time
of sacrifice. Even in these old animals, mild seizure activity over many months (as determined
by our limited observational samples) was correlated with only minor cell loss (apparent as
thinning of the CA1 pyramidal cell layer, and mild terminal degeneration within the CA1
subfield and the dentate hilus) and restricted regions of reactive astrocytes (dentate gyrus/hilus
and CA3 subfield) (Fig. 4A, C, E). In comparison, younger (10 week old) Kv1.1−/− mice that
had experienced severe, prolonged generalized seizures (SE) exhibited the severe
neuropathologies described above (Fig. 4B, D, F).

We also evaluated (with Timm staining) mossy fiber sprouting in Kv1.1−/− and wild-type mice.
In the latter, mossy fiber staining was generally restricted to the dentate hilus and the
hippocampal CA3 subfield (suprapyramidal stratum lucidum and proximal infrapyramidal
s.oriens in CA3c) (Fig. 4G, I); in some cases, very sparse Timm staining could be seen in the
granule cell and inner molecular layers at the dentate crest. In Kv1.1−/− mice, mossy fiber
staining was variable in location and intensity. Mossy fiber sprouting into the inner molecular
was observed as early as 5 weeks postnatal. Some animals, at 5 months of age, exhibited
extensive mossy fiber sprouting across the entire dentate inner molecular layer (Fig. 2H, J). In
addition to the appearance of mossy fibers in the inner molecular layer, other evidence of
“sprouting” included Timm staining within the granule cell and CA3 pyramidal cell layers,
and the extension of infrapyramidal (s.oriens) Timm staining into CA3b. Robust mossy fiber
sprouting correlated with other neuropathological features such as marked neuronal cell loss
and gliosis, as well as with severe seizure activity (SE). Kv1.1−/− mice observed to have only
mild seizure activity (even those at 10-12 months) showed only moderate mossy fiber sprouting
– i.e., sparse Timm staining localized to the granule cell and inner molecular layers. A semi-
quantitative analysis of mossy fiber sprouting is presented in Table 1.

Localization of Kv1.1-containing channels in the hippocampus
Previous immunocytochemical and electron microscopic (EM) studies of Kcna1 expression
and localization in the mouse brain/hippocampus focused on the dentate molecular layer and
CA3/hilar region, where this channel subunit appears to be expressed at high density. Channels
containing the Kv1.1 α subunit were shown to localize to juxtaparanodal regions of myelinated
axons, and unmyelinated axons and synaptic terminals, and thought to be associated with CA3

Wenzel et al. Page 9

Epilepsia. Author manuscript; available in PMC 2009 September 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



pyramidal neurons and interneurons (Wang et al., 1994). Subsequent light microscopic studies
on the rat hippocampus, using immunocytochemistry and lesion techniques, revealed an
association of Kv1.1 α subunit expression/localization with axonal fiber tracts within, and
afferent to, the hippocampus (Monaghan et al., 2001). Immunocytochemical patterns of Kcna1
staining closely matched the termination zones of entorhinal afferents into the hippocampus
as well as the mossy fiber pathway (Rhodes et al. 1997; reviewed by Trimmer and Rhodes,
2004). A detailed ultrastructural analysis of Kv1.1 α subunit localization to the various
compartments of axonal pathways in the hippocampus has not yet been reported.

In the present study, we have therefore expanded previous descriptions of Kv1.1 α localization.
Light and electron-microscopic observations were made on tissue from 15 wildtype mice. The
ultrastructural analysis of Kv1.1 α channel protein expression in hippocampal neurons and
pathways provides a background for assessing Kv1.1 α subunit expression following gene
transfer into the hippocampus of Kv1.1−/− mice (see below). A low magnification
photomicrograph of the hippocampal formation in a wild-type mouse shows the characteristic
pattern of immunohistochemical Kcna1 expression (Fig. 1A). Of particular note are the
following features of this pattern: a) There is a band of intense Kcna1 immunoreactivity in the
middle molecular layer of the dentate gyrus, distinct from less intense immunoreactivity of the
outer and inner molecular layers; this zone of prominent Kcna1 immunoreactivity corresponds
to the termination field of the medial perforant path. b) There is no Kcna1 immunoreactivity
in granule cell bodies (Fig. 5A). c) Positive Kcna1 immunostaining is observed in some
neuronal cell bodies in hilus and dentate layers; these cells appear to constitute a subpopulation
of interneurons (Fig. 1A). d) The prominent hilar immunoreactivity pattern continues as two
fiber bundles, above and below the CA3 pyramidal cell layer, which correspond to the supra-
and infrapyramidal mossy fiber tracts (in s.lucidum and proximal s.oriens, respectively). e)
Kcna1 immunoreactivity is also present in the distal strata oriens and radiatum of the CA3/
CA1 subfields, but the density is lower than in s.lucidum and proximal s.oriens (Fig. 1A). f)
The s.lacunosum and adjacent distal portions of s.radiatum in the CA1 subfield, usually
associated with the termination zone of Schaffer collaterals, show high levels of Kv1.1 α
channel expression. However, little Kcna1 immunoreactivity is observed in the outer dentate
molecular and CA1/CA3 distal molecular layers, regions associated with the termination field
of axons from lateral entorhinal cortex neurons in lamina II and III. g) As in the dentate,
subpopulations of CA1 presumed interneurons show intense somatic Kcna1 immunoreactivity
(Fig.1C).

At the electron microscopic level, Kv1.1 α channel protein expression can be seen, as electron-
dense immunoreaction product, in various axonal components of the major hippocampal
pathways. The prominent light-microscopic Kcna1 staining in the dentate middle molecular
layer corresponds to an intense staining pattern at the electron microscopic level;
immunoreactivity is localized predominantly to axonal membranes, with lesser
immunoreactivity in the axoplasm (Fig. 5C). In myelinated hippocampal axons (e.g., fimbria
hippocampi, alveus), Kcna1 immunoreactivity is present within the juxtaparanodel region (Fig.
5B), as previously described in axons from brain stem (Wang et al., 1993,1994); no Kcna1-
specific immunostaining is observed within the node of Ranvier. Kcna1 immunoreactivity is
also seen in axonal terminals, often in synaptic contact with dendritic spines (Fig. 5D, E). We
found no evidence for Kcna1 immunoreactivity in granule cell dendrites.

The prominent Kcna1 staining seen in the dentate hilus and CA3 s.lucidum at the light
microscopic level is reflected in ultrastructural evidence of high levels of Kcna1 expression in
mossy fiber axons, in both hilus and CA3 (Fig. 5F). Despite this strong immunoreactivity in
the granule cell axons, we found no Kcna1 immunoreactivity in mossy fiber boutons (Fig. 5F).
Kcna1 immunoreactivity is also found in small axons within the hilus and CA3 s.oriens,
suggesting that recurrent axons of CA3 pyramidal neurons, and axons from local interneurons
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with positive cell body staining, express Kv1.1-containing channels (Fig. 5E). In CA1, electron
microscopic data reveals Kv1.1 α subunits localized to axons and axonal terminals, with strong
immunoreactivity in s.lacunosum. As also seen for granule cells, there is no Kcna1
immunostaining in CA1 pyramidal cell somata and/or dendrites (data not shown).

Lack of compensatory changes in ion channel expression in Kv1.1−/− mice
Genetic elimination of subunits of functional protein complexes critical to regulating neuronal
activity, as is the Kv1.1 α subunit, can often result in compensatory changes in expression of
proteins of similar/overlapping function (Inchauspe et al., 2004) or in the stoichiometry of
subunit components within the protein complex (Christensen et al., 2004; Ogris et al., 2006;
Menegola & Trimmer, 2006). We determined the effects of the targeted deletion of Kcna1 on
the expression levels of different Kv α and auxiliary subunits, and Kv-channel associated
proteins. This analysis included subunits co-assembled in Kv1.1-containing complexes (Kv1.2,
Kv1.4, Kvβ2), and those in (or associated with) distinct channel complexes that also act to
regulate neuronal excitability (Kv1.3, Kv2.1, Kv3.1, Kv4.2, PSD-95) (data not shown).
Immunoblot analyses of wild-type and Kv1.1−/− mouse brain membrane proteins revealed no
differences in overall expression level (Fig. 6A). The lack of compensatory changes in other
Kv channels (based on observations in 10 Kv1.1−/− mice) – and particularly in Kv1.4, which
is a critical component of the axon channel in which Kv1.1 participates (Fig. 6B) - may
contribute to the strong seizure phenotype of the Kv1.1−/− mice. Double immunofluorescence
staining of wild-type and Kv1.1−/− hippocampus with subtype-specific monoclonal antibodies
against Kv1.1, Kv1.2 and Kv1.4 revealed a similar lack of compensatory changes. While a
complete loss of Kv1.1 immunoreactivity was observed in the Kv1.1−/− hippocampus,
immunofluorescence staining for Kv1.2 and Kv1.4 was not substantially altered relative to
wild-type (Fig. 6C). However, a dramatic expansion of the boundaries of Kv1.4 staining was
observed in the Kv1.1−/− hippocampus, consistent with expansion of CA3 stratum lucidum
and dentate hilus expansion as seen in immunoperoxidase and Timm staining (see also hilar
volume measurements presented above). It should be noted, however, that although no
compensatory subunit changes were seen in analysis of whole brain or whole hippocampus
tissue, a similar analysis has not yet been carried our for individual neurons or sub-sets of
specific neuronal subtypes in focal brain regions. The relative abundance and/or distribution
of related channel subunits may indeed have changed – and led to channel formation consisting
of aberrant combinations of subunits – in some neurons. This possibility – and its potential
functional implications – remain to be explored.

Light- and electron microscopic investigations of Kv1.4 distribution patterns in wild-type mice
revealed colocalization of Kv1.1α and Kv1.4 α subunits to the same axonal compartments of
hippocampal neurons - i.e., in axons of the major hippocampal pathway neurons in the dentate
gyrus and hippocampus (Fig. 5H, I) – and this Kv1.4 distribution remained similar in the
Kv1.1−/− mouse (Fig. 6B). Therefore, at least for Kv1.4, the likelihood of there being a cell
type-specific subunit compensatory change seems unlikely.

Viral vector-mediated gene expression
Expression of genes introduced by viral vector infection in the brains of Kv1.1−/− mice was
assessed by histochemistry to visualize β-galactosidase (β-gal) (the gene product of lacZ) and
immunocytochemistry for the Kcna1 subunit protein. Animals injected with vectors carrying
only lacZ, or lacZ plus Kcna1, were sacrificed 3-9 days after vector delivery. Injections of
vector targeted the CA3 region and the dentate hilus in the dorsal and middle hippocampus
(representative injection site shown in Fig. 7A). Vector delivery resulted in successful cell
infection (i.e., numerous labeled cells seen in several histological sections) in ∼30% of the
Kv1.1−/− mice (Table 2). Infected neurons were detected within and around the injection site
(a diameter of several hundred microns), and in most cases restricted to hippocampus. The
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expression of the marker gene product, β-gal, was visualized histochemically by the blue
reaction product of X-Gal processing (Fig. 7), and confirmed with β-gal immunocytochemistry.
Vector infection appeared to be preferentially for granule cells (Fig. 7B, C, E), although some
CA3 pyramidal neurons (Fig. 7D, F) were also infected. The vector did not infect glia. High
expression of the marker molecule completely stained cell bodies, dendrites and axonal
projections (Fig. 7B-F). Granule cell axonal staining was reflected in a punctate (terminal)
pattern in hilus and strata lucidum and oriens of the CA3 subfield (Fig. 7B, D).

Expression of the exogenous Kv1.1 gene product in the hippocampus from Kv1.1 knockout
mice (mice injected with the viral vector carrying both lacZ and Kcna1) was analyzed in tissue
sections processed immunocytochemically for Kcna1 protein. In these sections, Kcna1
immunoreactivity was detected in a relatively small number of neurons (granule cells (Fig. 8A,
B) and some CA3 pyramidal neurons (Fig. 8C, D)) compared to the widespread pattern of X-
Gal-stained neurons. However, when compared to the number of with β-gal IR cells, the Kcna1
numbers were similar (data not shown). In Kcna1-immunopositive cells, immunoreactivity
was seen in somata, dendrites and axons – a pattern rather different from the exclusive axonal
localization of Kv1.1 in wild-type granule cells and pyramidal cells. In infected neurons, Kcna1
immunoreactivity often extended into dendritic spines and axonal varicosities (Fig. 8B, D).
These light microscopic observations were supported by Kcna1 localization at the electron
microscopic level. Low magnification EM revealed prominenet Kcna1 expression in single
granule cells (Fig.9A); high levels of intracellular subunit immunopositivity was present in
somata (Fig. 9B), dendrites (Fig. 9b, C, D) and mossy fiber axons (Fig. 9G). Within a given
neuron, the intensity of Kv1.1 immunoreactivity was highest on the somatic and dendritic cell
membrane (Fig. 9D, E), and somewhat lower in the cytoplasm of processes and dendritic spines
(Fig. 9F).

Discussion
Localization of Kv1.1α-containing channels and their role in neuronal excitability

Voltage-gated potassium channels play a critical role in neurotransmission in central and
peripheral neurons; because of their diverse localizations, complex subunit compositions, and
subunit-distinct gating properties, they influence a variety of neuronal (and glial) processes,
from baseline excitability to action potential firing patterns to modulation of synaptic
transmission (Shieh et al., 2000; Geiger and Jonas, 2000; Hille, 2001; Dodson and Forsythe,
2004; Trimmer and Rhodes, 2004). The Shaker-type potassium channels were among the first
identified (initially in Drosophila – Tempel et al., 1987) and have been intensively studied.
The Kv1 α subunits (Kv1.1, Kv1.2, Kv1.4) are abundantly expressed in the brain, and are found
predominantly in heteromeric channel complexes (Wang, et al., 1994; Trimmer and Rhodes,
2004). Importantly for understanding the Kv1.1 knockout mouse, native channels composed
of homomeric Kv1.1 subunits appear to be quite rare. In the hippocampus, Kv1.1, Kv1.2, and
Kv1.4 are co-expressed in the dentate middle molecular layer, associated with the axonal
termination of the entorhinal medial perforant path (Sheng et al., 1993; Wang et al., 1994;
Rhodes et al., 1997; Monaghan et al., 2001). Colocalization of these three subunits has been
also demonstrated in CA3 axons (e.g., Schaffer collaterals) (Monaghan et al., 2001). However,
in mossy fiber axons, only Kv1.1 and Kv1.4 colocalize (Sheng et al., 1992; Cooper et al.,
1998; reviewed in Rhodes and Trimmer, 2004). Further, both our present findings and results
of previous electron microscopic immunocytochemical studies (Wang et al., 1994; Cooper et
al., 1998) have shown that Kv1.1, Kv1.2 and Kv1.4 subunits are concentrated at the axonal
membrane near presynaptic terminals of all major intrinsic excitatory hippocampal
connections, suggesting a critical role for these Kv1-containing channels in synaptic
depolarization and neurotransmitter release (Trimmer and Rhodes, 2004).
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Given this localization, it appears that channel deletion would certainly given rise to abnormal
electrical activity. What is not so clear, however, is whether the loss of only one subunit type
– say Kv1.1 – would necessarily lead to loss of channels (or channel function) from the
characteristic axonal and terminal zones. Our current study does show that even in the Kv1.1
knockout mouse, Kv1.4 can be seen in appropriate locations in hippocampus. Moreover, on
the basis of whole brain/whole hippocampus analysis, we have found that there is no obvious
compensation of other component subunits of Kv1.1-containing channels, or of other Kv
channel subunits that may compensate for the loss of Kv1.1. Loss of Kv1.1 subunits from these
axonal/terminal locations gives rise to epileptic behavior (Smart et al., 1998), to a decreased
seizure threshold even in the heterozygous animal (i.e., with a 50% reduction of Kv1.1 subunits
(Smart et al., 1998), and to aberrant electrical discharge patterns in hippocampal neurons
(Lopantsev et al., 2003).

The megencephaly mouse (mceph/mceph - Donahue et al., 1996) is also based on a Kv1.1
mutation (a spontaneous 11 base pair deletion) that expresses a truncated Kv1.1 protein
(MCEPH protein) (Petersson et al., 2003). This abnormal protein is expressed in cells
throughout the brain, where it is trapped within the endoplasmatic reticulum (Persson et al.,
2005). In addition to general brain hypertrophy, the mceph/mceph mouse shows complex
partial seizures (as in the Kv1.1 knock-out mouse), and disturbances in expression of several
trophic molecules. Persson et al. (2007) and Almgren et al. (2007) have also recently reported
that the hippocampus (and ventral cortex) of Kv1.1−/− mice is significantly enlarged, and our
data are in agreement with that finding. These authors have now shown that the hypertrophy
in mceph/mceph and Kv1.1−/− mice is due to an increase in neuronal (and glial) cell numbers
(Almgren et al., 2007). However, our cell count analysis in the dentate hilus showed a
significant loss of cell number in Kv1.1−/− mice (relative to wild-type mice) that had
experienced status epilepticus, and a small (insignificant cell loss in the non-SE Kv1.1−/−

group), a difference we attributed to seizure-related damage. Intriguingly, Kv channel
dysfunction has been shown to result in increased cell proliferation and reduced apoptosis
(O'Grady & Lee, 2005), a mechanism that might help explain abnormal brain growth in mecph/
mceph and Kv1.1−/− mice. Further, seizure activity is known to result in neurogenesis in adult
rodents - but cell loss in immature animals (Liu et al., 2003). Given our data on apparent cell
loss associated with seizures, and given the fact that the mecph/mceph mouse also is said to
exhibit spontaneous seizure activity, a careful examination of neuronal - and glial – cell
numbers is required, particularly with respect to different developmental timepoints and seizure
frequency/severity.

The Kv1.1 knock-out mouse as a model of TLE
Kv1.1 knock-out mice exhibit frequent spontaneous seizures - both behavioral and
electrographic (Smart et al., 1998; Rho et al., 1999). Although the Kcna1 gene is widely
distributed throughout the mouse brain, Kcna1 deletion gives rise to a seizure phenotype with
many of the features seen in rodent models of focal temporal lobe epilepsy (TLE) – e.g., with
kainic acid administration (Lothman and Collins, 1981; Schwartzkroin, 1994). Further, the
TLE-like seizure pattern in Kv1.1 knock-out mice gives rise to pathological changes
characteristic of TLE - cell loss in hippocampal subfields and dentate hilus, mossy fiber
reorganization, and reactive astrogliosis. These neuropathological features also resemble those
seen in kainic acid and pilocarpine rodent models (Bouilleret et al., 1999; McKhann et al.,
2003; Dudek, 2006) as well as in human temporal lobe from TLE patients (Sutula et al.,
1989; Franck et al., 1995; Houser, 1999). Holmes and Ben-Ari (2003) have made the case that
experimental tests of novel therapies should be conducted in models that exhibit pathologies
similar to those patients to be treated clinically (i.e., not on “normal” brains). In many respects,
the Kv1.1 mouse offers such a model system for our gene transfer study – including the
considerable animal-to-animal variability observed with respect to severity of the seizure
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phenotype. To deal with this variability, one must be able to assess a relatively large population
of animals, and assess not only with the gene of interest (in our case, Kcna1), but also
“innocuous” genes (such as a reporter gene) that control for effects of the injection procedure.
In addition, the treatment protocol must be developed with sensitivity to the “natural history”
of seizure activity in the model, so that treatment efforts can be assessed against the expected
levels of activity – developmentally, diurnally, etc.

Seizures typically begin to appear in Kv1.1 knock-out mice during the third postnatal week -
well before we can identify any neuropathology characteristic of TLE. In our hands, the latter
appeared only after animals had experienced weeks (or months) of spontaneous seizure activity
– and significant neuropathology was seen only in animals exhibiting prolonged, severe seizure
episodes (i.e., status epilepticus). Our limited EEG recordings provide preliminary support for
the notion that seizure activity is initiated focally, in the temporal lobe/hippocampus; however,
our current data are too limited to support a concrete conclusion on this issue. These
observations in the Kv1.1 knock-out mouse are consistent with the view that, at least in some
types of TLE, there is a generalized (not focal) genetic (or other?) disturbance that is expressed
as a focal seizure disorder. According to this hypothesis, focal hippocampal pathology is not
the “cause” of the chronic seizure activity; rather, focal abnormalities reflect the consequences
of seizure activity in particularly sensitive cell populations (e.g., as has been shown earlier for
the stargazer mutant mouse in developing TLE-like pathology (Qiao &Noebels, 1993)).

A number of clinical reports have identified Kcna1 dysfunction/loss as a contributor to
epileptogenicity and hyperexcitability in human brain (Browne et al., 1994; Scheffer et al.,
1998; Zuberi et al., 1999; Eunson et al., 2000). Further, as indicated above, another mouse
mutation (mceph/mceph) with widespread expression of abnormal gene product has a
phenotypic expression of partial complex seizures (Persson et al., 2005). A recent study has
also shown that Kv1-containing channels are tightly associated with Lgi1 (the protein product
of the leucine-rich glioma inactivator gene1 (LGI1)) (Schulte et al., 2006). Mutation of
LGI1 has been reported as the causative basis for an autosomal dominant form of lateral
temporal lobe epilepsy (ADLTE), characterized by partial seizures and auditory features
(Morante-Redolat et al., 2002; Ottman et al., 2004). Strong expression of Kv1.1 and Kv1.2 in
auditory brainstem neurons (Grigg et al., 2000) and their role in auditory signal encoding
(Brew et al., 2003) provide a speculative link between LGI1-related seizure activity and the
auditory phenotype. In the hippocampus, the Lgi1 expression pattern partially overlaps with
Kv1.1 localization (Schulte et al., 2006). Lesioning and inactivation experiments, in which
Lgi1 mutation selectively abolished Kvβ1-mediated inactivation in Kv channels assembled
from Kv1.1, Kv1.4 and Kvβ1 subunits, suggest that both Kv1.1 and Lgi1 are co-assembled
with Kv1.4 and Kvβ1 in axonal terminals (Schulte et al., 2006). The removal of Kvβ1-mediated
Lig1 inactivation in presynaptic A-type channels would result in modulation of A-type
K+currents in hippocampal excitatory synapses, leading to focal hyperexcitability
(epileptogenesis) in the temporal lobe (Schulte et al., 2006).

While the Kcna1gene is normally expressed throughout the brain, there are some regions of
particularly high expression - including hippocampal subfields - often thought to be involved
in common seizure types (e.g., TLE). The model therefore gives us an opportunity to test the
idea that focal treatment – indeed, treatment of a specific cell population – can reduce a
generalized functional pathology expressed as seizure activity. The data summarized in the
above paragraph are consistent with the idea that a focal dysfunction may arise from the
generalized loss of a channel subunit, especially when there is a focal co-expression (or co-
assembly) of that protein with other proteins/subunits involved in normal channel function. As
a result, loss of axonal/terminal A-type potassium currents - a product of Kv1.1 and Kv1.4 co-
assembly with other closely associated proteins such as Lgi1 and Kvβ1 – might lead to TLE-
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like seizure phenotypes in both autosomal dominant lateral TLE in human and Kv1.1 knock-
out in mice.

Viral vector-mediated Kv1.1 gene transfer
Vector-mediated gene transfer has become an attractive choice for both basic neurobiological
investigations and CNS gene therapy (Sapolsky, 2003; Vezzani, 2004; McCown, 2005; Deglon
and Hantraye, 2005). Since approximately 30% of epilepsy patients are refractory to
conventional antiepileptic drug treatment (Kwan and Brodie, 2000), novel approaches to
therapy are needed. Although still unproven, gene therapy might provide an alternative
treatment option (McCown, 2004). Various viral vectors, including herpes simplex virus,
adenoviruses and retroviruses have been developed and modified to introduce foreign cDNAs
into CNS cells; these exogenously introduced genes, in turn, give rise to expression of specific
proteins (e.g., transmitters, growth factors, ion channels) to influence and/or cure CNS diseases
(Montain, 2000; Glorioso and Fink, 2004; McCown, 2005; Deglon and Hantraye, 2005; Verma
and Weitzman, 2005).

To date, most such studies focusing epileptic conditions have adopted a strategy of introducing,
or up-regulating, a protein known to be generally inhibitory – but not necessarily linked to the
specific genetic defect thought to give rise to the epilepsy or brain hyperexcitability. In the
current study, we have taken a somewhat different tack. We have taken advantage of a model
in which a known gene deletion gives rise to epilepsy, and attempted to “restore” the normal
gene by delivering it locally - by viral vector-mediated gene transfer - into a specific (restricted)
neuronal population thought to be critical to the initiation of seizure activity. Our long-term
goal is to express the gene of interest, Kcna1, so as to influence (i.e., block) seizure activity
(e.g., see Simonato et al., 2000). Our gene delivery strategy was based on a previous study, in
which overexpression of Kcna1 (in a genetically normal mouse) via the same HSV1 vector
was shown to provide neuroprotection against kainic acid-induced seizures (Lee et al. 2003).
The vector uses an amplicon-based bipromotor system which permits expression of both the
gene of interest and a reporter gene (Yenari and Sapolsky, 2005). Therefore, one can
demonstrate the successful infection of cells by observing the product of the reporter gene.

In hindsight, there are certainly a number of negative features associated with our strategy and
choice of vector. For example, because the reporter gene is under independent promoter control,
it is possible for the infected cell to express the reporter gene but not (or to a much lesser extent)
the gene of interest – in our case, the gene for the Kv1.1 α subunit. The results of our Kv1.1
immunostaining suggest that this selective expression did in fact occur, since high levels of
β-gal (shown in X-gal reacted material) were seen in many neurons but Kv1.1
immunoreactivity was seen in a much smaller cell population. This result was somewhat
surprising given the previous observation of ∼98% co-expression (Fink et al., 1997) of this
combination of marker and transgenes. It is possible that the difference observed is due to the
sensitivities of the different methods of detection used: a histochemical reaction for β-gal and
immunocytochemistry for Kcna1. Indeed, when ICC (rather than a histochemical technique)
was used to detect β-gal, there was a comparable pattern of staining for both Kcna1 and the
marker protein. Still, the potential for “independent” expression could be better addressed by
fusing the marker gene (or an immunohistochemically-recognizable epitope) to the gene of
interest, so that gene transcription results in both products.

Other noteworthy features of the HSV1 vector used in these studies include its neuronal
specificity (no glia were infected) and its apparent preference for infecting hippocampal
granule cells (Ho et al., 1995). The specificity of a particular vector for a given cell type may
be particularly useful if one plans to target that cell population with the exogenous gene. The
granule cells appear to be a good target in the Kv1.1 knockout mouse, since mossy fibers
normally express the Kv1.1 subunit at relatively high levels. Other cell types, such as CA3
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pyramidal cells and various interneuron sub-populations also normally express Kv1.1 – so it
remains unclear if preferentially providing a single cell population with the exogenous gene is
an effective way to reduce hyperexcitability that results from general Kv1.1 deletion.
Especially given the widespread expression of Kv1.1 channels in other cortical brain regions,
is it important for the vector to be introduced widely (e.g., including neocortex) to have
significant functional consequences? Other vector systems are likely to have different (or less
specific) cell preferences (Wong et al., 2005; Janas et al., 2006). Determining the need for
general vs. cell-specific infection is an important prerequisite for this gene therapy approach,
and studies of vectors with differential targeting capabilities should provide valuable
information about this question.

It is important to note that in those cells (granule and CA3 pyramidal cells) successfully
infected, the Kv1.1 α subunit was not localized to the appropriate (i.e., normally occurring)
subcellular compartment. Although this observation may reflect an immature subunit
localization due to the relatively short period between vector injection and host animal sacrifice
(typically 3-6 days), these results are consistent with analyses of subcellular trafficking of
Kv1.1-containing channels in heterologous cells and cultured hippocampal neurons (Manganas
et al., 2000; 2001). Channels formed from Kv1.1 subunits alone (i.e., homomeric Kv1.1
channels) are inefficiently trafficked to the plasma membrane from their site of assembly in
the endoplasmic reticulum, where they accumulate. Acute ectopic expression of high (non-
stoichiometric) levels of Kcna1, on the Kv1.1−/− background, may result in assembly of such
homomeric Kv1.1 channels (not normally found in the brain) and inefficient trafficking to
axons. Normal localization of subunits from exogenous gene expression remains an important
goal of our research. Such localization may be facilitated by co-expression of Kv1.1 with other
component subunits of native Kv1.1-containing complexes (e.g., Kv1.4, Kvβ2), or by
expression of mutant Kv1.1 isoforms with enhanced surface expression (Manganas et al.,
2001). The degree to which normal vs. ectopic subunit expression influences cell excitability
remains to be tested.

Finally, it is well known that HSV amplicons express for only a few days (Ho et al., 1995) –
i.e., the HSV1 – Kv1.1 vector system appears to be relatively unstable in its infection/gene
expression efficacy. Such a system may well be sub-optimal for studying an animal in which
gene deletion produces a chronic hyperexcitability disorder. At the very least, one must be able
to examine the epileptic phenotype of the Kv1.1 knockout mouse (i.e., carry out EEG
monitoring) during a time window in which the vector-mediated gene expression is likely to
provide the proteins of interest. While HSV1 gene expression capability is limited to a few
days, more pertinent questions are: How long does it take to get the protein to its functional
destination? And How long does the gene product lasts (what is the turnover rate of channel
protein)? These questions must still be addressed – if not with the HSV1 system, then with
other vector (or other gene transfer) systems.

Can gene transfer (e.g., into dentate granule cells or hippocampal CA3 pyramidal neurons)
actually reduce brain excitability? Previous studies with recombinant adeno-associated virus
(rAAV) vectors have shown that gene transfer can modulate seizure activities. For example,
expression (and subsequent secretion) of the neuroactive peptide, galanin, was shown to
attenuate both focal seizure activity and seizure-induced cell death (Haberman et al., 2003). In
addition, overexpression of neuropeptide Y (NPY) in hippocampal neurons affords
functionally significant protection from limbic seizures (including status epilepticus) and
retards kindling (Richichi et al., 2004). The AAV vector expresses for weeks, thus providing
the potential for long-lasting overexpression of a transgene of interest. Given the apparent
success of AAV vector experiments, it is worth noting that 80% of the human population tests
positive for antibodies to wild-type AAV2 protein, a condition that could neutralize the efficacy
and increase the likelihood of inflammation with CNS transfection via AAV (Peden et al.,
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2004; McCown, 2004) in the clinical setting. Such issues must also be considered in the
development of optimal vector systems if gene therapy approaches are to be applied at the
clinical level.

Even given an effective vector system, the efficacy of gene transfer in modulating (curing?) a
chronic, genetically-based epilepsy is uncertain. Is gene transfer into an animal with a long-
established epilepsy simply too late? Perhaps once seizure activity is established, and there are
consequent alterations in brain circuitry, the insertion of exogenous replacement (or inhibitory)
channels is unlikely to be therapeutic. Gene expression at an inappropriate time point in
development, or vector transcription that is not coordinated with that of other related
endogenous genes, may give rise to channel sub-types and locations that further unbalance the
system. In short, one might argue that insertion of exogenous channel protein (and generation
of non-native channels) into developmentally “deprived” networks cannot make them normal.
The evidence to date is inadequate for drawing a conclusion. The potential power of this
molecular/genetic approach, however, encourages further experimentation targeted to specific
aspects of this complex question.
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Figure 1. Kcna1 gene deletion is associated with chronic, spontaneous seizures
A) Localization of Kcna1 immunoreactivity (IR) in a coronal section through the dorsal
hippocampus of a 2 month-old wild-type mouse, showing particularly high IR in the dentate
middle molecular layer (ml), hilus (hil), CA3 stratum lucidum (luc), and CA3 s.oriens (or).
Abbrevations: CA1, CA3, hippocampal subfields; DG, dentate gyrus; Ctx, neocortex.
B) Coronal section through the dorsal hippocampus of a 4 month-old Kv1.1−/− mouse.
Kcna1 gene deletion leads to a complete absence of Kcna1 IR (cf. IR in strata lucidum (luc),
oriens (or) and moleculare (ml) in A).
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C) Higher magnification of the indicated area in A, showing Kv1.1-positive neurons –
presumed interneurons (e.g., arrow) in CA1 s.oriens (or) and at the border of the pyramidal
cell layer (pcl).
D) Higher magnification of a comparable region from the Kv1.1 knockout hippocampus
(indicated area in B). Faint profiles of presumed interneurons (e.g., at arrow) are Kcna1-
immuno-negative.
E) Continuous EEG recording from neocortex (tope trace – Cortex) and hippocampus (bottom
trace) of a Kv1.1 knock-out mouse. The top traces, before seizure onset, show occasaional
interictal events, particularly evident in the surface recording (asterisks). An ictal episode began
(second line) with EEG flattening in the hippocampal trace (black arrowhead); cortical
reflection of seizure onset occurered somewhat later (thin arrow). In the hippocampal lead, the
ictal episode began with fast spiking activity that increased in amplitude and progressed into
a pattern associated with high amplitude spiking in the cortical lead. The high amplitude
electrographic activity stopped abruptly (blue arrowhead) in both leads, with subsequent EEG
depression with occasional low amplitude discharges. The electrical discharge was associated
with a typical tonic-clonic behavioral seizure.
Scale bars: A and B: 200μm; C and D: 25μm..
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Figure 2. Chronic seizures in Kv1.1−/− mice are associated with severe pathohistological changes
in hippocampus
A, B) Transverse sections of the hippocampus from a 10 week-old wild-type mouse (A) and
an age-matched Kv1.1−/− mouse (B). Cresyl violet staining shows the normal histological
pattern of hippocampal regions and laminae in A. In the knock-out (B), there was significant
neuronal cell loss in CA1 and CA3b/c subfields (arrows).
C) Neuronal cell death and degeneration (particularly in CA1 and CA3 - white arrows) are
shown in a Fink-Heimer-stained transverse hippocampal section from a 10 week-old
Kv1.1−/− mouse. Note also terminal staining in the dentate inner molecular layer (arrowheads),
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reflecting hilar mossy cell degeneration. Abbrevations: or, stratum oriens; rad, s.radiatum; ml,
s.moleculare.
D) Higher magnification of the CA1 region (indicated area in C) showing degenerated CA1
pyramidal neurons within the pyramidal cell layer (black cell bodies) and terminal degeneration
in strata radiatum (rad) and moleculare. Fink-Heimer staining.
E) Higher magnification of the indicated area in B, showing pyknotic pyramidal neurons
(arrowhead) located in the CA1 pyramidal cell layer (pcl).
F) Transverse section of the hippocampus from a 5 month old Kv1.1−/− mouse, immunoreacted
against GFAP. Note the high level of GFAP immunoreactivity (brown reaction product),
particularly in the dentate gyrus (DG) and CA3c subfield. Cresyl violet counter-staining in F-
H.
G, H) Photomicrographs comparing normal astrocytes (arrows in G) from CA3 of a wild-type
mouse and reactive astrocytes (arrows in H, from boxed area in F) from a Kv1.1−/− mouse.
Scale bars: A-C, F, I, and J: 200μm; D and K: 50μm; E, G, and H: 20μm.
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Figure 3. Chronic seizures in Kv1.1−/− mice are associated with pathological changes in multiple
brain regions
A) Transverse sections through the brain (level of the rostral hippocampus) of a 10 week-old
Kv1.1−/− mouse who experienced status epilepticus. Cresyl violet staining shows severe cell
loss in piriform cortex (PC) and anterior basomedial amygdaloid nucleus (BMA). For
comparison, note the relatively preserved neuronal architecture in the anterior basolateral
amygdaloid nucleus (BLA).
B) Higher magnification of the amygdala (BMA) (indicated area 2 in A) showing neuronal cell
loss and many pyknotic cells (arrows).
C) Higher magnificationof the piriform cortex (indicated area 1 in A) showing severe neuronal
damage, including pyknotic cells (arrows).
D) Higher magnification of a Fink-Heimer stained transverse section from the parietal
neocortex (same animal as in A-C above) showing degenerated neurons in layer II/III (black
arrow) and degenerated layerV pyramidal neurons (white arrow).
Scale bars: A and D: 100μm; B and C: 50μm.
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Figure 4. Variable pathologies in Kv1.1−/− mice reflect seizure severity
A) Transverse section of the hippocampus (cresyl violet-stained) from a 9 month-old
Kv1.1−/− mouse. This animal showed only mild seizure activity, and histology revealed no
obvious morphological damage in hippocampal subfields.
Abbrevations: DG, dentate gyrus; hil, dentate hilus.
B) In comparison, a transverse section from a 10 week-old Kv1.1−/− mouse experiencing status
epilepticus shows severe neuronal cell loss in CA3b and c subfields (arrows) and dentate hilus
(asterisk).
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C) Fink-Heimer staining of the dentate gyrus reveals little degeneration within the dentate hilus
(black puncta) of a 10 month-old Kv1.1−/− mouse with mild seizure history. Abbrevations:
iml, inner molecular layer; gcl, granule cell layer; pcl, CA3 pyramidal cell layer.
D) Fink-Heimer staining of a transverse section of the dentate gyrus of a 10 week-old
Kv1.1−/− status epilepticus mouse reveals degenerated CA3 pyramidal cells (white arrow) and
hilar neurons (white arrowheads, indicating degenerated mossy cells and interneurons), as well
as severe terminal degeneration within the inner molecular layer (iml; black arrow).
E, F) Transverse sections of the hippocampus of a 10 month old (E) and a 10 week-old (F)
Kv1.1−/− mouse. GFAP-immunostaining (cresyl violet counterstaining) shows moderate
gliosis in dentate gyrus (DG) and hippocampal CA3 subfield in E (mild seizure history)
compared to the pattern of severe gliosis in the dentate gyrus and all hippocampal subfields
(asterisks) in F (status epilepticus history).
G) Transverse section of the hippocampus from a 9 month-old wild-type mouse showing the
normal staining pattern of Timm-positive mossy fiber boutons, localized to dentate hilus (hil)
and CA3 strata lucidum (luc) and oriens. Cresyl violet counterstaining in G-J.
H) Timm staining of a transverse section from a 5 month-old Kv1.1−/− mouse, showing mossy
fiber sprouting into the dentate inner molecular layer (iml; arrows) as well as into the granule
cell layer and s.oriens.
I) Higher magnification of the dentate crest (indicated area in G) from a wildtype mouse,
showing sparse Timm-stained mossy fiber boutons in the granule cell layer (gcl) and inner
molecular layer (iml; arrowheads). Abbreviation: hil, dentate hilus.
J) Higher magnification of the dentate crest (indicated area in H) from a Kv1.1−/− mouse,
showing intense mossy fiber sprouting into the granule cell layer (gcl; white arrowhead) and
inner molecular layer (iml; black arrowheads).
Scale bars: A, B, and E-H: 200μm; C: 100μm; D, I and J: 50μm.
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Figure 5. Ultrastructural localization of Kv1.1 channels in axons of the major hippocampal
pathways in wild-type mice
A) Electron micrograph of the dentate granule cell layer from a 2 month-old mouse. The section
was immunoreacted against Kcna1, and shows densely-packed granule cells (GC). Note the
absence of Kcna1 IR within the granule cell bodies.
B) Electron micrograph of a myelinated axon in the hippocampal fimbria. Kcna1 IR is
expressed at high level in the juxta-paranodal region (arrow) of the node of Ranvier localized
to the axolemma and throughout the axoplasm - but not in the nodal or internodal regions
(asterisk).
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C, D) Electron micrographs of the dentate middle molecular layer from a 2 month-old mouse,
showing Kv1.1 channel protein expressed in non-myelinated axons of the perforant pathway,
localized to the extra-synaptic axonal membrane and axoplasm (arrowheads). Abbreviations:
S, spine; AT, axonal terminal.
E) Electron micrograph of a Kcna1-positive non-myelinated axon (arrowhead) (within the
dentate hilus) forming a synapse with a spine (S).
F) Electron micrograph of the CA3 s.lucidum, showing intense Kcna1 IR (white arrowheads)
localized to the axonal membrane and within the axoplasm of fine mossy fiber axons. Note the
absence of IR within the mossy fiber bouton (MFB). Some mossy fiber axons within the bundle
are not labeled (black arrowheads).
H) Electron micrograph of the dentate middle molecular layer showing Kv1.4 channel IR
(arrows) localized to the same set of fine axon profiles (perforant path fibers) immunolabeled
by Kcna1 IR.
I) Electron micrograph of the CA3 s.lucidum showing Kv1.4 channel IR localized to fine axons
(arrows) within the mossy fiber bundle in s.lucidum.
Scale bars: A: 10μm; I: 1μm; B-H: 500nm.
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Figure 6. Effect of Kcna1 gene deletion on Kv subunit and auxiliary subunit expression
A) Immunoblot of mouse brain membrane fractions were obtained from two different wild-
type (WT1, WT2) and Kcna1-deficient (KO1, KO2) mice (two months old). Proteins (10 μg/
lane) were extracted in SDS sample buffer, separated by SDS-PAGE, and analyzed for total
Kv1.1 or different related Kv subunits (Kv1.2, Kv1.4, Kvβ2). Numbers at left refer to mobility
of molecular weight standards (in kDa). None of the related proteins showed changes in
Kv1.1−/− mice compared to controls. Similarly, there were no changes in other Kv (or auxiliary)
proteins (e.g., Kv1.3, Kv2.1, Kv3.1 isoform β, Kv4.2, PSD-95, Slo) (not shown).
B) Kv1.4 channel protein immunocytochemistry in hippocampus of a wild-type and a Kv1.1
knock-out (Kv1.1−/−) mouse. In both animals, Kv1.4 is highly expressed in the hilus (H) and
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s.lucidum (luc) of CA3, reflecting its localization in the mossy fiber axons. This channel subunit
is also found in the middle molecular layer (mml) of the dentate gyrus (DG). Like Kv1.1, Kv1.4
is absent from granule cell and CA3 pyramidal cell somata. The ICC profile is consistent with
the immunoblot data; there are no obvious changes in Kv1.4 density.
C) Double immunofluorescence staining of wild-type (left panels ) and Kv1.1−/− (right panels)
hippocampus. C1, 2. Double immunofluorescence staining for Kv1.1 (red) and Kv1.4 (green).
Note loss of Kv1.1 staining in Kv1.1−/− hippocampus, and a lack of any dramatic change in
the overall intensity or distribution of Kv1.4 staining.
C3,C4. Double immunofluorescence staining for Kv1.2 (red) and Kv1.4 (green). Note lack of
any dramatic change in the overall intensity or distribution of Kv1.2 and Kv1.4 staining in
wild-type versus Kv1.1−/− hippocampus (apparent decrease in Kv1.4 expression in the hilus
of knock-out mice (lighter green in hilus in C4 compared to C3) is likely due to the increase
hilar area in the knock-out, and the consequent “dilution” of Kv1.4-containing mossy fibers).
Scale bars: B: 200 μm; C: 100 μm
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Figure 7. Hippocampal cell infection with HSVI viral vector containing genes for Kv1.1 channel
protein and β-galactosidase
A) Transverse section from the caudal hippocampus, showing the track of a cannula (arrows)
used for vector injection. The cannula tip is positioned within hilus (hil) and CA3 pyramidal
cell layer (pcl).
B) Transverse section of the dentate gyrus in the dorsal hippocampus, showing β-gal in
numerous granule cells (X-Gal histochemical staining, yielding blue cells). Note the complete
staining of cell bodies (arrows) in the granule cell layer (gcl), dendrites in the molecular layer
(ml), and mossy fiber axons and boutons in the hilus (hil).
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C) Low power transverse section from the caudal hippocampus, showing X-Gal-stained
granule cells (arrows) and CA3 pyramidal neurons (white arrow) in dorsal (dDG) and ventral
(vDG) hippocampal/dentate gyrus regions. Abbrevations: hil, hilus; gcl, granule cell layer; ml,
molecular layer.
D) Higher magnification of two representative X-Gal-stained CA3 neurons (arrows). Note the
punctate staining around the cells, reflecting X-Gal-stained mossy fiber boutons (arrowheads).
E) Higher magnification of a representative X-Gal-stained granule cell.
F) Transverse section from the ventral hippocampus showing X-Gal-stained CA3 pyramidal
neurons. Abbreviations: rad and ml, strata radiatum and moleculare; pcl, pyramidal cell layer;
or, s.oriens.
Scale bars: A and C: 200μm; B: 100μm; D and F: 50μm; E: 20μm.
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Figure 8. Immunocytochemical evidence of Kv1.1 channel α subunits in infected neurons of Kv1.1
knock-out mouse
A) Photomicrograph montage of the dentate granule cell layer (gcl) in a transverse section of
the dorsal hippocampus immuno-reacted against Kcna1 anti-serum, from a 4 month-old Kv1.1-
infected knock-out mouse. The animal was sacrificed 3 days post-infection.
Immunocytochemistry shows numerous Kv1.1-positive GCs (large arrows), as well as many
weakly-stained GCs (expressing low levels of Kv1.1 IR) (arrowheads). A few GC axons (i.e.,
mossy fibers) were also stained (small arrows).
B) Higher magnification of a Kv1.1-infected GC. Kv1.1 channel protein is highly expressed
in soma (arrow), dendrites (arrowheads) and axon (small arrow). Background staining is likely
an artifact (also seen in ICC of Kv1.1−/− mouse tissue).
C) Photomicrograph of the CA3 pyramidal cell layer showing several Kcna1-immuno-labeled
neurons (arrow).
D) Two-dimensional reconstruction of one of the CA3 pyramidal neurons from C (same animal
as shown in A) showing Kv1.1 channel expression in soma (arrow), dendrites (arrowheads),
and axon (small arrow).
Scale bars: A and C: 20μm; B and D: 10μm.
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Figure 9. Ultrastructural localization of Kv1.1 channels in infected dentate granule cells of the
Kv1.1 knock-out mouse
A) Low power electron micrograph of the dentate granule cell layer from a 4 month-old Kv1.1
knock-out mouse, showing three Kv1.1-infected granule cells (arrows) 4 days post infection.
Note the pathological changes of nuclear chromatin in some of the GCs (arrowheads).
B) Electron micrograph of a Kv1.1-infected GC from a 9 month-old Kv1.1 knock-out mouse
(4 days post infection), immuno-stained with an antibody against Kcna1. Inset b is a
photomicrograph of this GC (arrow), which exhibits dendrites (arrowhead) within the granule
cell layer (gcl) and molecular layer (ml) as well as a basal dendrite into the hilus (hil).

Wenzel et al. Page 37

Epilepsia. Author manuscript; available in PMC 2009 September 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



C) Electron micrograph of segments of a GC dendrite (white arrows) from the granule cell in
B, showing Kv1.1 α subunit expression.
D) Higher magnification of a portion of the dendrite in C, showing intense Kcna1 IR on the
dendritic membrane (arrows) and in the dendritic cytoplasm.
E) Higher magnification of the granule cell somatic cytoplasm (neuron in B), showing intense
Kcna1 IR on the cell membrane (arrows) and also in the cytoplasm of the perikaryon.
F) Electron micrograph of a basal dendrite (C, D and inset b), exhibiting two spines (S) which
form synapses with axonal terminals (AT). Note the Kcna1 IR on the spine membrane and in
the dendritic cytoplasm.
G) Electron micrograph of a Kv1.1-positive axonal segment (mossy fiber; arrows) from an
infected GC located within the granule cell layer.
Scale bars: A: 20μm; B and C: 2μm; G: 1μm; D and F: 500nm; E: 200nm.
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Table 1
Quantitative assessment of seizure-induced neuronal damage and mossy fiber reorganization in the dentate gyrus of
Kv1.1 knock-out and wild-type control mice.

Genotype Average Number of
Neurons (Mean
±S.E.M.)

Estimated Volume
μm3×106 (Mean
±S.E.M.)

Average Density of
Neurons per μm3×106

(Mean±S.E.M.)

Mossy Fiber
Sprouting
Score (Mean
±S.E.M)

Wildtype (WT) (n=4) 2798.64± 140.68 81.35±12.09 36.33±4.7 0

Kv1.1−/− - with mild/
moderate seizures (KO-
Non-SE) (n=4)

2533.52±98.27 178.25±9.47 14.33±0.94 2.0±0.23

  WT vs. KO-Non-SE: No
significant difference

WT vs. KO-Non-SE:
P<0.01

WT vs. KO-Non-SE:
P<0.01

 

Kv1.1−/− - with status
epilepticus (KO-SE) (n=4)

1273.61±110.42 165.56±19.13 8.12±1.5 2.86±0.15

WT vs. KO-SE:
P<0.001

WT vs. KO-SE: P<0.01 WT vs. KO-SE:
P<0.001

  KO-Non-SE vs. KO-
SE: P<0.001

KO-Non-SE vs. KO-
SE: No significant
difference

KO-Non-SE vs. KO-
SE: No significant
difference

 

Stereological cell counts of dentate hilar neurons, the measured/estimated hilar volumes, and the average neuron densities from three experimental animal
groups. Data are expressed as mean ± S.E.M. Wildtype and KO-Non-SE mice were examined at 4.5 months of age. In the KO-SE group, age of sacrifice
ranged from 10 weeks to 7 months. See Methods for a description of quantitative analysis and statistical testing. Mossy fiber sprouting score were based
on the density of Timm staining within granule cell- and inner molecular layers (see Methods); only two KO-SE mice were evaluated because many of
those animals died during the period required for reorganization. Given the semi-quantitative nature of mossy fiber sprouting scores, and the small sample
sizes, no statistical testing was carried out.
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Table 2
Summary of animals included in viral vector-mediated gene transfer study.

Total Number of Mice Numbers of Mice with Infection Rating

good poor none

Wildtype:        

    lacZ alone 8 1
(4 mo / 4 dpi)

2
(3 mo/ 4 dpi)

5
(3.1 mo / 6dpi)

    lacZ+Kcna1 5 3
(4 mo / 6.5 dpi)

2
(3 mo / 6 dpi)

0

Kv1.1−/−:        

    lacZ alone 8 3
(4.5 mo / 3.7 dpi)

2
(3 mo / 5 dpi )

3
(3.3 mo / 6 dpi)

    lacZ + kcna1 14 4
(4.8 mo /3.8 dpi)

5
(3.8 mo /4 dpi)

5
(2.1 mo / 6 dpi)

Vector efficacy was scored semi-quantitatively, based on the frequency and localization of β-gal-labeled hippocampal neurons, as follows: good - infection
of many neurons in dentate gyrus and CA3 subfield; poor - sporadic labeling of single cells in dentate gyrus or CA3 subfield; none - no labeling of any
neurons. Numbers in parenthesis indicate average age in months (mo) at time of vector infection, and average days post-infection (dpi) at the time of
sacrifice and brain fixation (e.g., 3mo/4dpi).

Epilepsia. Author manuscript; available in PMC 2009 September 27.


