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Summary
Altered ion channel expression and/or function may contribute to the development of certain human
epilepsies. In rats, systemic administration of pilocarpine induces a model of human temporal lobe
epilepsy, wherein a brief period of status epilepticus (SE) triggers development of spontaneous
recurrent seizures that appear after a latency of two-three weeks. Here we investigate changes in
expression of A-type voltage-gated potassium (Kv) channels, which control neuronal excitability
and regulate action potential propagation and neurotransmitter release, in the pilocarpine model of
epilepsy. Using immunohistochemistry, we examined the expression of component subunits of
somatodendritic (Kv4.2, Kv4.3, KChIPl and KChIP2) and axonal (Kv1.4) A-type Kv channels in
hippocampi of pilocarpine-treated rats that entered SE. We found that Kv4.2, Kv4.3 and KChIP2
staining in the molecular layer of the dentate gyrus changes from being uniformly distributed across
the molecular layer to concentrated in just the outer two-thirds. We also observed a loss of KChIP1
immunoreactive interneurons, and a reduction of Kv4.2 and KChIP2 staining in stratum radiatum of
CA1. These changes begin to appear 1 week after pilocarpine treatment and persist or are enhanced
at 4 and 12 weeks. As such, these changes in Kv channel distribution parallel the acquisition of
recurrent spontaneous seizures as observed in this model. We also found temporal changes in Kv1.4
immunoreactivity matching those in Timm's stain, being expanded in stratum lucidum of CA3 and
in the inner third of the dentate molecular layer. Among pilocarpine-treated rats, changes were only
observed in those that entered SE. These changes in A-type Kv channel expression may contribute
to hyperexcitability of dendrites in the associated hippocampal circuits as observed in previous
studies of the effects of pilocarpine-induced SE.
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Introduction
Temporal lobe epilepsy (TLE) (i.e., spontaneous seizures involving the hippocampal
formation) is the most prevalent refractory epilepsy (Chang and Lowenstein, 2003);
mechanisms converting the normal hippocampus into an epileptic one are not fully understood.
A rat model of human TLE (Turski et al., 1983) involves systemic administration of the
muscarinic agonist pilocarpine to produce electrographic and behavioral limbic seizures, and
status epilepticus (SE), that can last up to 12 h (acute phase). This is followed by a silent
(seizure-free) period and, after a latency of two-three weeks, spontaneous recurrent seizures
(Turski et al., 1983, Löscher, 2002). These behavioral changes are coincident with loss of
inhibitory interneurons in CA1 stratum oriens (Andre et al., 2001, Cossart et al., 2001) and the
dentate gyrus hilus (Buckmaster and Dudek, 1997), and by sprouting of recurrent mossy fiber
axons from dentate granule cells into the inner molecular layer of the dentate gyrus and CA2
subfield (Wuarin and Dudek, 2001). However, the causative event(s) that form the link between
initial injury, axonal reorganization, and later recurrent limbic seizures is not clear (Staley,
2004).

Changes in the abundance, distribution and activity of ion channels in hippocampal neurons,
due to activity-dependent regulation (Zhang and Linden, 2003) or mutation (Mulley et al.,
2003) may also contribute to development of hippocampal hyperexcitability and TLE.
Expression of a number of different ion channels, including HCN channels (Jung et al.,
2007), BK channels (Pacheco Otalora et al., 2008), GABA-A receptors (Fritschy et al.,
1999), and Cav channels (Xu et al., 2007) is altered in response to pilocarpine-induced SE.
Among ion channels, voltage-gated potassium (Kv) channels are critical regulators of neuronal
excitability (Pongs, 1999). Transient or A-type Kv channels of the Kv1 channel family
expressed in hippocampal presynaptic terminals play a key role in regulating neurotransmitter
release (Dodson and Forsythe, 2004), while somatodendritic A-type Kv4 channels play a
dynamic role in determining dendritic excitability (Johnston et al., 2003). In the mammalian
hippocampus, Kv1.1 and Kv1.4 α subunits are highly expressed in nerve terminals of the
perforant path, mossy fiber, and Schaffer collateral pathways (Sheng et al., 1992, Wang et al.,
1993, Wang et al., 1994, Maletic-Savatic et al., 1995, Rhodes et al., 1997, Monaghan et al.,
2001), while Kv4.2 α subunits and associated KChIPs are expressed at high levels in the
dendrites of dentate granule cells, and of CA3 and CA1 pyramidal cells (Sheng et al., 1992,
Maletic-Savatic et al., 1995, Varga et al., 2000, Rhodes et al., 2004). Pharmacological blockade
of presynaptic Kv1 channels (Bagetta et al., 2004), or genetic ablation of Kv1.1 expression in
mice (Smart et al., 1998) is epileptogenic, as is pharmacological blockade of somatodendritic
Kv4 channels (Avoli, 2001). Importantly, a recent study shows that the amplitude of
backpropagating action potentials is increased in CA1 pyramidal cell dendrites in pilocarpine-
induced TLE, suggesting decreased functional expression of dendritic Kv4 channels (Bernard
et al., 2004). However, as A-type Kv channels are targets of modulation by phosphorylation
(Roeper et al., 1997, Hoffman and Johnston, 1999, Anderson et al., 2000), the observed changes
in current amplitude could involve channel modulation or altered expression and/or localization
of Kv4/KChIP subunits. Here we determined whether altered expression and/or localization
of component subunits of presynaptic and somatodendritic A-type Kv channels occur following
induction of SE in the pilocarpine experimental model of human TLE.
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Material and Methods
Pilocarpine Treatment

Sprague-Dawley rats (200-300g) were housed individually or in pairs and maintained on food
and water ad libitum. Subjects were pretreated with 1mg/kg dose i.p. of scopolamine methyl
nitrate and 30 minutes later received an injection of 380 mg/kg of pilocarpine HCl (Turski et
al., 1983). Subjects were observed for 1 hr and scored according to a modified Racine seizure
scale (Racine, 1972): 1=facial movements, 2=head nodding and chewing, 3=unilateral
forelimb clonus, 4=bilateral forelimb clonus, 5=bilateral forelimb clonus, rearing and loss of
balance. A second observation and scoring period (30 min) began 2-3 hrs after the pilocarpine
injection. At the conclusion of this period, all subjects were given diazepam (10 mg/kg) which
essentially halted SE at ∼3hrs. Subjects that scored 3 and above in both observations periods
were designated as pilocarpine-SE subjects and included in the experimental group. Subjects
that scored 2 or below in one of the observation periods were designated as no-SE (NSE)
subjects and excluded from the experimental group. Additional subject groups consisted of
either drug treated with no apparent seizure (no score on both observation periods), or untreated
age-matched individuals. Subjects were sacrificed at 1, 2, 4, 6, 8 and 12 weeks (or greater)
following pilocarpine treatment.

Immunohistochemistry
Animals were deeply anesthetized with sodium pentobarbital (60 mg/kg, i.p.) and then perfused
through the ascending aorta with saline. Most subjects were prepared for Timm's stain (see
method below) while others were directly perfused with fixative containing freshly
depolymerized 4% paraformaldehyde in 0.1 M NaPO4 buffer at pH 7.4, to improve on the
quality of preservation and subsequent immunohistochemical staining. The brain was removed
and immersed in cryoprotectant, 10% sucrose for 18h, and then 30% sucrose for at least two
days, both in 0.1 M NaPO4 buffer, and at 4 °C, then frozen and cut on sliding microtome in
40 μm thick horizontal sections for DAB staining (Rhodes et al., 1995) and sagittal sections
for immunofluorescence staining (Menegola and Trimmer, 2006).

All procedures were designed for light microscope immunohistochemistry using subunit
specific antibodies for Kv1.4 (Monaghan et al., 2001), and for Kv4.2, Kv4.3 and the Kv4 family
associated proteins KChIP1, KChIP2 and KChIP3 (Rhodes et al., 2004). All free-floating
sections were incubated overnight at 4 °C in antibody vehicle containing mouse monoclonal
antibodies. Detection of antibody-antigen complexes was accomplished using the ABC Elite
peroxidase reaction (Vector Laboratories, Burlingame, CA) and visualized using a nickel-
enhanced diaminobenzidine procedure (Tago et al., 1986, Rhodes et al., 1995).

For immunofluorescence staining free floating sections were blocked in a 10% goat serum
solution/0.1M PB + 0.3% Triton-x-100, then incubated overnight in vehicle containing 2
different mouse monoclonal antibodies of different IgG isotype (Menegola and Trimmer,
2006). The sections were then incubated in isotype-specific Alexa-conjugated secondary
antibody (Invitrogen). To allow for a direct comparison of the signal intensity of the staining
of sections from control and pilocarpine seized subjects, fluorescent images of each pair of
sections (control, pilocarpine-SE) were taken using the same exposure time with a CCD camera
installed on a Zeiss Axioskop-2 microscope, with Zeiss Fluar 10x/0.5numerical aperture lens,
using Axiovision software. Intensity was measured using NIH ImageJ software by selecting a
100 μm × 100 μm area from the molecular layer of the DG adjacent to the hippocampal fissure
and of the stratum radiatum of CA1 adjacent to the pyramidal cell layer. The fluorescence
intensity measured on a comparable region of a section from the same animal but incubated
with secondary AB alone was then subtracted (Menegola and Trimmer, 2006). For the 1-week
time point sections from 2 control animals and 3 pilocarpine-SE animals were analyzed. For
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the 4-week time point sections from 3 control animals and 4 pilocarpine-SE animals were
analyzed.

Timm's Stain
Animals were deeply anesthetized as described above and then perfused through the ascending
aorta with 40-60 ml of ice-cold saline. The brains were extracted from the cranium and
immersed in 0.1% sodium sulfide in a 0.1 M NaPO4 buffer, pH 7.3 at room temperature with
gentle agitation for 90 minutes. Tissue was then immersed in the fixative described above and
stored overnight at 4 °C and finally placed in a cryoprotectant for at least 48 hrs. Cut sections
of 40 μm were mounted on a slide, air dried, and immersed in a physical developer in the dark
and gently agitated in a water bath at 26 °C for 60-70 minutes. The composition of the physical
developer consisted of 60 ml of 50% (w/v) gum arabic in deionized H2O, 10ml citrate buffer
made up of 25.5%w/v citric acid and 23.5%w/v sodium citrate in deionized H2O, 30 ml 5.67%
(w/v) hydroquinone in deionized H2O and 0.5 ml of 17% (w/v) silver nitrate, deionized H2O
(Danscher and Zimmer, 1978). Slides were rinsed in water for ∼1hr at 40 °C, some counter-
stained with thionin, and then dehydrated and coverslipped.

Sections stained with Timm's stain were rated on a scale of 0 to 3, similar to the rating system
previously described (Tauck and Nadler, 1985), for the extent of supragranular mossy fiber
staining. In brief, sections with virtually no supragranular staining were scored 0; sections with
sparse or discontinuous staining were scored as 1; sections with continuous staining but of an
intensity less than the hilus were scored as 2; and finally, continuous staining with intensity
essentially equal to the hilus, were scored as 3.

Results
A-type Kv channel expression in control rat hippocampus

Kv channels exhibit diverse patterns of cellular expression and subcellular localization in the
normal adult rat hippocampus (Trimmer and Rhodes, 2004). We and others have shown that
Kv1 α subunits, such as Kv1.4 (Fig. 1), are preferentially expressed on presynaptic terminals
of axons associated with perforant path, mossy fiber and Schaffer collateral pathways (Sheng
et al., 1992, Monaghan et al., 2001, Trimmer and Rhodes, 2004). Kv4.2 and KChIP2 are found
on dendrites of dentate granule cells and pyramidal neurons (Fig. 2), while KChIP1 (Fig. 3) is
found in interneurons throughout the hippocampus (Rhodes et al., 2004). Kv4.3 is also present
in these interneurons (Fig. 3), as well as in the dendrites of dentate granule cells, and CA3 but
not CA1 pyramidal cells (Rhodes et al., 2004). These patterns of staining are reliably observed
in all sets of control animals, those that were untreated age-matched animals, and those
pilocarpine-treated animals that failed to enter SE (Fig. 1).

Changes in Timm's staining in the hippocampus of pilocarpine seized rats
One of the pronounced anatomical effects of TLE exhibited in the pilocarpine animal model
is mossy fiber sprouting. Timm's staining reveals the presence of zinc, and because this metal
is highly concentrated in mossy fiber boutons, the distribution of mossy fiber contacts can be
observed as Timm's-stained granules using the light microscope (Tauck and Nadler, 1985,
Patrylo and Dudek, 1998). Mossy fiber projections to the CA3 region regularly establish their
synaptic contacts in the stratum lucidum located immediately superficial to the pyramidal cell
layer. Strong Timm's staining is also normally observed in the dentate hilus, site of normal
recurrent dentate granule cell synapses (Figs. 1, 4). Rats that had been subjected to pilocarpine-
induced SE exhibited an expansion of Timm's staining in the stratum lucidum of CA3 four
weeks after pilocarpine treatment. This is evident from comparing the narrow band of Timm's
stain relative to the thionin-stained Nissl substance in stratum lucidum of CA3 in control
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animals to the much broader band of Timm's stain which obscures the thionin stain in sections
from animals four and twelve weeks after pilocarpine-induced SE (Fig. 1).

The molecular layer of the dentate gyrus normally receives very little recurrent mossy fiber
input and as such exhibits little Timm's staining (Figs. 1, 4). While animals four weeks after
pilocarpine-induced SE also have little molecular layer Timm's staining (Figs. 1, 4), there is a
dramatic appearance of Timm's staining in the inner third of the molecular layer of the dentate
gyrus in sections from animals at twelve weeks post-seizure (Figs. 1, 4). This staining
represents the dramatic development of a recurrent excitatory dentate granule cell circuit due
to mossy fiber sprouting. Such changes in Timm's staining were observed in every rat that
entered SE in response to pilocarpine treatment, and never observed in rats that received
pilocarpine treatment but did not enter SE, or in sham injected rats (data not shown). Thus, the
pilocarpine-induced seizures led to changes in the hippocampus typical of human TLE and
consistent with the use of this and other animal models of TLE (Tauck and Nadler, 1985,Patrylo
and Dudek, 1998,Löscher, 2002).

Changes in expression of axonal A-type Kv channels in the hippocampus of pilocarpine
seized rats

Long-term changes in hippocampal excitability in response to pilocarpine-induced seizures
can result from altered hippocampal circuitry, altered excitability of individual neurons, or a
combination of the two. To investigate the effects of pilocarpine treatment on the expression
patterns of Kv1.4 α subunits critical in regulating neurotransmitter release from nerve terminals
(Geiger and Jonas, 2000), brain sections obtained from rats four and twelve weeks after
pilocarpine-induced SE were stained with anti-Kv1.4 monoclonal antibodies. Changes in
Kv1.4 immunoreactivity were observed in both stratum lucidum of CA3 (Fig. 1), and in the
molecular layer of the dentate gyrus (Figs. 1, 4). The changes in the staining pattern of Kv1.4
in stratum lucidum of CA3 matched those observed for Timm's staining of the zinc-rich mossy
fiber terminals (Fig. 1). Samples from rats that entered pilocarpine-induced SE also exhibited
staining for Kv1.4 in the inner third of the molecular layer of the dentate gyrus (arrows in Fig.
4F). This staining is in addition to the normal Kv1.4 staining in the middle third of the molecular
layer, and again matches the appearance of Timm's staining in the inner third of the dentate
molecular layer in SE subjects (Fig. 4C). Such changes in Kv1.4 staining were observed in
every rat that entered SE in response to pilocarpine treatment, and never observed in rats that
received pilocarpine treatment but did not enter SE, or in sham injected rats (data not shown).
This suggests that Kv1.4 is expressed in mossy fiber nerve terminals that participate in both
their normal synaptic targets on CA3 pyramidal neurons, and in the recurrent mossy fiber
terminals that arise from mossy fiber sprouting and which form aberrant synapses on dentate
granule cells.

Changes in expression of dendritic A-type Kv channels in the hippocampus of pilocarpine
seized rats

Dendritic A-type Kv currents play a critical role in regulating the extent to which
backpropagating action potentials invade the dendritic tree, and also impact the movement of
synaptic potentials from the dendritic arbor to the soma (Jerng et al., 2004). As such the
amplitude of dendritic A-type currents is thought to be a major determinant of the input-output
relationships of neurons. The amplitude of A-type currents in the dendrites of hippocampal
CA1 pyramidal neurons is reduced in response to pilocarpine-induced seizures (Bernard et al.,
2004), although the underlying mechanisms (changes in expression and localization of
component subunits versus modulation of the activity of existing channels) are not known. To
determine if pilocarpine-induced seizures altered the expression and localization of component
subunits of dendritic A-type Kv channels, we stained sections from control and pilocarpine-
SE animals with monoclonal antibodies specific for the transmembrane Kv4.2 and Kv4.3 α
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subunits, and KChIP1 and KChIP2 auxiliary subunits. In sections from control animals, the
staining patterns for Kv4.2 and KChIP2 exhibit extensive overlap, being present at high levels
in strata oriens and radiatum of CA3 and CA1 (Fig. 2). In each case the staining is associated
with dendrites of pyramidal neurons, with very little staining found in the pyramidal cell bodies
(Rhodes et al., 2004). The pattern of staining in CA3 pyramidal cell dendrites is not
significantly altered in pilocarpine-SE animals, either at four or twelve weeks post-seizure (Fig.
2). However, in strata oriens and radiatum of CA1 there is a sharp decrease in staining for
KChIP2 at both four and twelve weeks post-seizure, relative to control (Fig. 2). Similar but
less pronounced changes in Kv4.2 staining are also observed in pilocarpine-SE subjects versus
controls (Fig. 2). Such changes were observed in every rat that entered SE in response to
pilocarpine treatment, and never observed in rats that received pilocarpine treatment but did
not enter SE, or in sham injected rats (data not shown).

Dendrites of dentate granule cells express high levels of Kv4.2, Kv4.3 and KChIP2, yielding
strong staining for these subunits in the molecular layer of the dentate gyrus (Figs. 2, 5).
Staining is present throughout the molecular layer, although it is more pronounced in distal
portions of the granule cell dendrites in the middle to outer third of the molecular layer (Fig.
5). In pilocarpine-SE animals, but not pilocarpine-treated animals that did note enter sustained
SE or controls, there is a pronounced change in Kv4.2, Kv4.3 and KChIP2 immunoreactivity
in the molecular layer of the dentate gyrus, such that the staining is no longer uniformly
distributed across the molecular layer but becomes concentrated in just the outer two-thirds.
Moreover, at twelve weeks post-seizure a sharp band of intense Kv4.2, Kv4.3 and KChIP2
immunoreactivity is observed at the border of the inner and middle third of the molecular layer
(Fig. 5C, F, I). In control subjects, Kv4.3 and KChIP1 are found coexpressed in interneurons
throughout the hippocampus (Fig. 3). In pilocarpine-SE subjects, there is a loss of KChIP1
immunoreactive interneurons that is most prominent in the dentate hilus. These changes are
already apparent one week after pilocarpine treatment (not shown) and fully established by
four weeks after pilocarpine treatment, with some recovery apparent at twelve weeks following
status epilepticus (Fig. 3). KChIP1 staining in interneurons scattered through the pyramidal
cell layer of CA3 is also lost in the pilocarpine-SE animals (Fig. 3). Whether a similar reduction
in Kv4.3 staining in interneurons is also seen in pilocarpine-SE subjects is difficult to determine
due to the presence of Kv4.3 staining on dendrites of dentate granule and CA3 pyramidal cells.
Such changes were observed in every rat that entered sustained SE, but never observed in rats
that received pilocarpine treatment but did not enter sustained SE, or in sham injected rats (data
not shown).

Quantitative analyses of changes in Kv4 and KChIP2 expression
We next used double label immunofluorescence staining to better quantify the changes in
expression of Kv4.2 and KChIP2 in stratum radiatum of CA1 of pilocarpine-SE subjects. Our
studies focused on pilocarpine-SE subjects one (n=3) and four (n=4) weeks after SE, during
the period that has been established to lead to acquisition of the spontaneous, recurrent seizure
phenotype, and used staining for the postsynaptic density protein PSD95 as both a marker for
the overall density of dendrites/synapses, as well as an internal standard for the expected
response to seizures (Cornejo et al., 2007). As with the DAB staining shown above, the effects
of pilocarpine seizures on immunofluorescence staining for the A-type channel pore-forming
Kv4.2 subunit were apparent in stratum radiatum of CA1, where a decrease in Kv4.2 staining
was already apparent 1 week after the pilocarpine seizures (Fig. 6A-C). At this time point Kv4.2
staining decreased by 22.3 ±9.6% (n=3, p=0.56) in CA1 relative to that in control animals. At
this time point staining for PSD95 had increased (144.8±9.7%; n=3, p= 0.1) in the seizure
animals relative to that in controls, consistent with previous studies of seizure animals (Cornejo
et al., 2007) and of human patients with epileptic cortical dysplasia (Ying et al., 2004).
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Decreased Kv4.2 staining was also apparent in the molecular layer of the dentate gyrus,
although the changes here were minimal relative to that observed in CA1

The decreases in Kv4.2 staining were even more apparent four weeks post-seizure (Fig. 6D-
F), at which point Kv4.2 staining in stratum radiatum of CA1 had decreased by 30.8±6.6%
(n=3, p=0.015) in seizure subjects relative to that in control subjects. However, at this time
point PSD95 staining had also decreased by 19.2±9.5. Again, larger decreases were observed
in stratum radiatum of CA1 than in the molecular layer of dentate gyrus, where little or no
change in Kv4.2 staining was observed four week post-seizure. As with the DAB staining,
changes in immunofluorescence staining for the A-type channel auxiliary KChIP2 subunit were
more apparent than for Kv4.2. A decrease in KChIP2 staining in the CA1 region of the
hippocampus is already apparent 1 week after seizures (Fig. 7A-C). At this time point KChIP2
staining decreased to 68.7±4.5% (p=0.01; n=3) in CA1 stratum radiatum relative to staining
in control sections. At this time point staining for PSD95 increased in CA1 of the seizure
subjects (150.7±19.5%, n=3) relative to control, similar to the value (144%) obtained in
sections double stained for Kv4.2 and PSD95 (Fig 6). Decreased KChIP2 staining was also
apparent in the molecular layer of the dentate gyrus, although the changes here (7.4±4.9%
decrease) versus KChIP2 staining in control subjects were not significant. Increases in PSD95
staining in the molecular layer (145±11.9%, n=3) were again observed. The decrease in
KChIP2 staining was even more apparent four weeks post-seizure (Fig. 7D-F), at which point
KChIP2 staining in seizure subjects had decreased to 38.8 ±3.2% (n=3, p=0.001) versus control
subjects. However, as in Fig. 6, PSD95 staining had also decreased at this time point, to 78.7
±8.1% of control levels. Again, larger decreases were observed in stratum radiatum of CA1 at
four weeks than were observed in the molecular later of dentate gyrus (73.0±7.4% of control
values). However, in the molecular layer of the dentate gyrus the lower level of KChIP2 staining
in seizure subjects versus controls was paralleled by changes in PSD95 staining (72.7±8.1%).
These data support a specific change in the density of Kv4.2 and KChIP2 component subunits
of dendritic A-type channels in the dendrites of CA1 pyramidal neurons, as opposed to a change
in dendritic density per se.

Discussion
A-type Kv channels play critical roles in regulating neuronal excitability. Targeting of Kv1
family A-type channels to sites at or near presynaptic terminals, for example hippocampal
mossy fiber boutons, confers upon these channels a prominent role in controlling transmitter
release (Sheng et al., 1992, Maletic-Savatic et al., 1995, Debanne et al., 1997, Rhodes et al.,
1997, Cooper et al., 1998, Pongs, 1999, Geiger and Jonas, 2000, Monaghan et al., 2001).
Moreover, these channels can be reversibly modulated by activity-dependent phosphorylation
(Roeper et al., 1997) suggesting that they can play a role in dynamic modulation of presynaptic
function. The dramatic expansion of Kv1.4 staining in stratum lucidum of CA3 in pilocarpine-
SE subjects suggests that expansion of the mossy fiber terminal field, due to SE-induced
sprouting, is accompanied by parallel increases in targeting of Kv1.4 to the newly sprouted
mossy fiber axons and terminals.

Increased Kv1.4 expression is also associated with the enhancement of recurrent mossy fiber
terminals in the molecular layer of the dentate gyrus. Prominent Kv1.4 staining is observed in
the middle third of the molecular layer of the dentate gyrus in control subjects (Sheng et al.,
1992, Maletic-Savatic et al., 1995, Rhodes et al., 1997), due to its expression on axons and
terminals of perforant path afferents from entorhinal cortex (Monaghan et al., 2001). However,
in pilocarpine-SE subjects, a new band of prominent Kv1.4 staining was now observed in the
inner third of the molecular layer, corresponding to the pilocarpine-SE-induced appearance of
Timm's staining at this site. These data suggest that while the seizure-induced recurrent mossy
fiber axons and terminals may be aberrant in their location, they have typical expression of
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presynaptic A-type Kv channel subunits. Presynaptic A-type channels on conventional mossy
fiber boutons play a critical role in regulating glutamate release and as such regulate excitability
within hippocampal circuits (Geiger and Jonas, 2000). Our data suggest that the function of
the aberrant mossy fibers can be regulated by Kv1.4 subunits; enhancing activity of these
channels through pharmacologic modulation may represent a potential therapeutic target for
TLE.

Dendritic and somatodendritic A-type channels composed of Kv4.2, Kv4.3 and KChIP
subunits have widespread expression in the hippocampus. However, their cellular and
subcellular distribution varies across hippocampal subfields, such that different cells and
subcellular domains may have characteristic complements of Kv4-containing A-type channels
(Sheng et al., 1992, Serodio and Rudy, 1998, Rhodes et al., 2004). The precise subcellular
localization of Kv4-containing A-type channels may dramatically impact the processing of
synaptic input, levels of intracellular Ca2+, and the backpropagation of action potentials
(Hoffman et al., 1997, Johnston et al., 2003). Moreover, Kv4-containing A-type channels are
targets for modulation by reversible phosphorylation (Adams et al., 2000, Anderson et al.,
2000, Jerng et al., 2004, Varga et al., 2004), such that these functions can be dynamically
regulated. Kv4.2 is the predominant dendritic A-type channel on principal cells in the
hippocampus, being expressed at high levels on the dendrites of dentate granule cells, and CA3
and CA1 pyramidal cells; this last group in the absence of detectable Kv4.3. Although the
enhanced expression of Kv4.2 in the middle third of the molecular layer of the dentate gyrus
seen here may reflect activity-dependent compensatory upregulation of Kv4.2 in response to
mossy fiber sprouting and enhanced excitatory input to dentate granule cell dendrites, the
dramatic reduction of Kv4.2 immunoreactivity in the inner third of the dentate molecular layer
may reflect a fundamental change in excitability within the recurrent mossy fiber circuit. Loss
of A-current density in this proximal region of the granule cell dendrite, a location that receives
massive aberrant excitatory mossy fiber input following induction of SE and as spontaneous
seizures develop, would lower the threshold for action potential firing and may directly
contribute to the development of spontaneous recurrent seizures.

The mechanism underlying the altered compartmentalization of these A-type Kv channel
subunits in dentate granule cell dendrites of SE subjects is not known. Presumably, the Kv4
and KChIP subunits at these sites are synthesized in the granule cell soma and transported to
the dendrite (Rivera et al., 2003). Whether the loss of these subunits in the inner third of the
molecular layer, and their concentration in the middle third involves alteration in this initial
transport, or differences in clustering at specific sites, in the SE subjects is not yet known.
Immunohistochemical studies in naïve mouse brain with phosphospecific antibodies reveal
that Kv4.2 located on dentate granule cell dendrites exhibits a specific pattern of
phosphorylation, with little immunoreactivity for antibodies specific for ERK/MAP kinase and
PKA phosphorylation sites relative to other hippocampal areas (Varga et al., 2000). It is
intriguing that the localization of Kv4.2 on cerebellar granule cell dendrites co-cultured with
pontine grey nuclear neurons is dramatically altered by cerebellar mossy fiber synaptic input,
by a mechanism that involves active transmission through ionotropic glutamate receptors and
activation of downstream Ca2+-dependent signaling pathways (Shibasaki et al., 2004). The
striking appearance of Kv4 and KChIP subunits in the middle third of the molecular layer in
SE subjects resembles that of Arc mRNA that is locally translated at this site in response to
medial perforant path activity (Steward et al., 1998). Which of these mechanisms (altered
transport, changes in phosphorylation state associated with altered protein-protein interactions,
local translation) or others that yield this prominent change in localization is not known. That
these Kv4 channel subunits accumulate at a site of altered activity, in the form of increased
recurrent mossy fiber input, does suggest activity-dependent regulation of subcellular
localization. The altered localization of Kv4 channel subunits on dentate granule cell dendrites
that is induced in this experimental model of TLE provides an opportunity for future studies
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aimed at identifying the mechanism underlying subcellular compartmentalization of A-type
Kv4 channels on dendrites and its activity-dependent regulation.

We found that pilocarpine induces a decrease in the density of Kv4.2 and KChIP2 component
subunits of A-type channels in stratum oriens and stratum radiatum of CA1. A recent study
found increased dendritic excitability in CA1 pyramidal cell dendrites in response to the same
pilocarpine model of TLE used here (Bernard et al., 2004). Decreased levels of Kv4.2
immunoreactivity on immunoblots of membrane fractions isolated from hippocampal CA1 of
pilocarpine-SE rats relative to controls were also observed (Bernard et al., 2004). The authors
proposed that a reduction in dendritic A-type Kv currents (as mediated by Kv4 channels) in
CA1 pyramidal cells contributes to the acquisition of spontaneous seizures (Bernard et al.,
2004). Our immunohistochemical findings support these electrophysiology and biochemistry
data and suggest that decreased levels of A-type Kv currents and Kv4.2 protein, are based, at
least in part, on the sustained decreased expression of Kv4.2/KChIP2 subunits in CA1
pyramidal cell dendrites in the pilocarpine model of TLE.

A previous study found that hippocampal nodular heterotopias, which are prone to
hyperexcitability, also have reduced expression of Kv4.2 (Castro et al., 2001). In situ
hybridization studies revealed that generalized seizures induced by pentylenetetrazole (Tsaur
et al., 1992) or kainic acid (Francis et al., 1997) altered the regional hippocampal gene
expression of rat Kv4.2. Moreover, a mutation resulting in expression of a truncated Kv4.2
subunit was recently described in a human patient with TLE (Singh et al., 2006). Together,
these studies suggest that Kv4.2 expression, localization and function are in general highly
responsive to changes in neuronal activity, especially under conditions of hyperexcitability
associated with epileptic seizures, and that such changes may provide for the acquisition of
more permanent seizures.

Recently, Schwartz and Jung (Guo et al., 2005) generated a Kv4.2 knockout mouse. These
mice exhibit a complete loss of Kv4.2, and in the hippocampus as well as other brain areas do
not exhibit any detectable compensatory upregulation of Kv4.3 (Menegola and Trimmer,
2006). In addition to the complete loss of Kv4.2, the expression of KChIP2 is reduced in stratum
radiatum of CA1 and in the molecular layer of the dentate gyrus (Menegola and Trimmer,
2006) in a manner similar to what we observed here in the pilocarpine model of acquired TLE.
As such it is intriguing that the Kv4.2 knock-out mice do not exhibit an overt seizure phenotype
(Hu et al., 2006), perhaps due to posttranslational upregulation of other Kv currents (Nerbonne
et al., 2008) in the absence of increased expression of Kv channels subunits (Chen et al.,
2006, Menegola and Trimmer, 2006, Nerbonne et al., 2008). Whether this mode of
compensation in response to prolonged loss of dendritic A current also occurs in response to
the acute loss of Kv4.2 and KChIP2 in response to pilocarpine-induced SE is not known.
Experiments analyzing the seizure phenotype of wild-type adult animals subjected to an acute
(i.e. inducible) knockdown of Kv4.2 in CA1 pyramidal neurons and dentate granule cells will
allow for insights into the specific contribution of the reduced Kv4.2 levels to the seizure
phenotype of the pilocarpine subjects, versus other known consequences of pilocarpine
treatment (mossy fiber sprouting, affects on interneurons, etc.).

Our studies show that the cellular and subcellular expression of multiple component subunits
of dendritic/somatodendritic A-type channels in specific hippocampal subfields are altered by
pilocarpine-induced seizures. Moreover, these changes occur in the time frame that
corresponds to the acquisition of the permanent spontaneous seizure phenotype in these
subjects. Changes in A-type Kv1.4-containing channels in mossy fiber presynaptic terminals,
and Kv4.2-containing channels in dentate granule cell and CA1 dendrites, represent attractive
targets for intervening in the acquisition of the permanent epileptic phenotype in this animal
model of human TLE.
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Figure 1.
Timm's staining and immunohistochemical localization of Kv1.4 channel α subunits in the
hippocampal formation of control and SE subjects. Photomicrographs of horizontal sections
taken to show the areal and laminar distribution of Timm's stain and Kv1.4 in the hippocampus
of a control rat, and rats 4 and 12 weeks post-SE. Immunoreactivity for Kv1.4 is concentrated
in presynaptic terminals. Note the thickening of the mossy fiber layer (asterisks) in subjects 4
weeks after SE, and the dramatic increase in Timm's staining in stratum lucidum of CA3 and
in the molecular layer of dentate gyrus due to mossy fiber sprouting 12 weeks post-SE. Kv1.4
immunoreactivity displays parallel increases (asterisks) and the appearance of strong Kv1.4
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immunoreactivity in the inner third of the dentate molecular layer at 12 weeks post-SE (see
Fig. 4 for higher magnification view).

Monaghan et al. Page 15

Neuroscience. Author manuscript; available in PMC 2010 January 26.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 2.
Immunohistochemical localization of Kv4.2 channel α subunits and KChIP2 in the
hippocampal formation of control and SE subjects. Photomicrographs of horizontal sections
taken to show the areal and laminar distribution of Kv4.2 and KChIP2 in the hippocampus of
a control rat, and rats 4 and 12 weeks post-SE. Note the decrease in Kv4.2 and KChIP2 staining
in CA1 stratum radiatum (asterisks) at 4 weeks post-SE, compared to that shown for the control
animal. Note that at 12 weeks post-SE Kv4.2 and KChIP2 immunoreactivity changes in the
molecular layer of the dentate gyrus, such that the staining is no longer uniformly distributed
across the molecular layer but becomes concentrated in just the outer two-thirds (see Fig. 5 for
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higher magnification view). Kv4.2 and KChIP2 staining is also decreased in CA1 stratum
radiatum at 12 weeks post-SE (asterisks).
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Figure 3.
Immunohistochemical localization of Kv4.3 channel α subunits and KChIP1 in the
hippocampal formation of control and SE subjects. Photomicrographs of horizontal sections
taken to show the areal and laminar distribution of Kv4.3 and KChIP1 in the hippocampus of
a control rat, and rats 4 and 12 weeks post-SE. Note the changes in Kv4.3 immunoreactivity
in the molecular layer of the dentate gyrus at 12 weeks post-SE, similar to those seen for Kv4.2
and KChIP2 in Fig. 2 (see Fig. 5 for higher magnification view) and loss of KChIP1
immunoreactivity in interneurons throughout the dentate hilus (asterisk) at 4 weeks post-SE.
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Figure 4.
High magnification photomicrographs of Timm's staining, and Kv1.4 and KChIP1
immunoreactivity in the dentate gyrus of control and SE subjects. Photomicrographs of
horizontal sections taken to show the areal and laminar distribution of Timm's stain (A-C), and
Kv1.4 (D-F), and KChIP1 (G-I) immunoreactivity in the hippocampus of a control rat (A, D,
G) and rats four (B, E, H) and twelve (C, F, I) weeks after pilocarpine treatment. Note the
progressive increase in Timm's staining in the molecular layer of the dentate gyrus (arrows in
panels B, C) due to mossy fiber sprouting, and the associated increase in Kv1.4 staining in the
stratum lucidum of CA3 and the molecular layer of the dentate gyrus. The loss of KChIP1
immunoreactivity in interneurons throughout the dentate hilus is apparent, especially four
weeks after pilocarpine treatment. GCL: granule cell layer; IML: inner molecular layer; MML”
middle molecular layer; OML: outer molecular layer.
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Figure 5.
High magnification photomicrographs of Kv4 and KChIP2 immunoreactivity in the dentate
gyrus of control and SE subjects. Photomicrographs of horizontal sections taken to show the
areal and laminar distribution of Kv4.2 (A-C), and Kv4.3 (D-F), and KChIP2 (G-I)
immunoreactivity in the hippocampus of a control rat (A, D, G) and rats four (B, E, H) and
twelve (C, F, I) weeks after pilocarpine treatment. Note the progressive decrease in
immunoreactivity for each of these channel subunits in the inner third of the molecular layer
of the dentate gyrus, and the sharp boundary of staining at the boundary between the inner third
and outer two-thirds of the molecular layer. Laminae marked as described in Figure 4 legend.
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Figure 6.
Expression of Kv4.2 and PSD 95 in the hippocampus of control and SE subjects. Double label
immunofluorescence staining of sagittal hippocampal sections of sham- (A and D) and
pilocarpine-injected rats 1 week (B) and 4 weeks (E) after pilocarpine treatment. Scale bar
=100 μm. The fluorescence intensity for Kv4.2 and PSD95 staining was measured in the
molecular layer of the DG and in the stratum radiatum of CA1, and the ratio Kv4.2/PSD95 was
calculated for both regions in control and seizures animal at 1 week (C) and 4 weeks (F) post-
SE. S= seizure animals (white column), C= control animals (black column). The decrease in
Kv4.2 immunoreactivity was significant only in the CA1 region of seizure animals 1 week
after the injection of pilocarpine (p=0.04, n=2 control and 3 seizure animals). In the DG the
immunoreactivity for Kv4.2 showed a tendency to be decreased but that was not significant
(p=0.5, n=3 controls and 4 seizure) at 4 weeks after pilocarpine treatment.
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Figure 7.
Expression of KChIP2 and PSD 95 in the hippocampus of control and SE subjects. Double
label immunofluorescence staining of sagittal hippocampal sections of sham- (A and D) and
pilocarpine-injected rats 1 week (B) and 4 weeks (E) after pilocarpine treatment. Scale bar
=100 μm. The intensity for KChIP2 and PSD 95 was measured in the molecular layer of the
DG and in the stratum radiatum of CA1, and the ratio KChIP2/PSD95 was calculated for both
regions in control and seizures animal at 1 week (C) and 4 weeks (F) post-SE. S= seizure
animals (white column), C= control animals (black column). A significant decrease in KChIP2
immunoreactivity in CA1 of pilocarpine treated animals was present at 1 week after pilocarpine
treatment (p=0.01, n= 2 control and 3 seizure animals) and was also significant at 4 weeks after
pilocarpine treatment (p=0.01, n= 3 control and 4 seizure animals). Changes in the molecular
layer of the dentate gyrus were not significant.
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