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Abstract

Effects of stress on A-type K channel subunit Kv4.2 distribution in the basolateral
amygdala

By Fu Wei Pang

Potassium channels make up the largest and most diverse class of voltage-gated ion
channels in the nervous system. Voltage-gated A-type K* (Kv) channel subunit Kv4.2
modulates dendritic excitability and synaptic plasticity. As such, voltage-gated channels
like Kv4.2 are partially involved in the formation of memory. The basolateral amygdala
(BLA) is a recognized locus for pairing of stimuli during fear conditioning. However,
little is known about the distribution and function of Kv4.2 in the BLA. Therefore, does
Kv4.2 play a role in stress-mediated plasticity in the BLA? We used
immunohistochemical techniques at the electron microscopic level to determine the
normal distribution of voltage-gated potassium channel subunit Kv4.2 in rat BLA
neurons. Additionally, we showed that there was a stress-mediated increase in Kv4.2
localization in dendritic spines. These results suggest a possible compensatory
mechanism to decrease pathologic dendritic excitability observed in patients with fear

and anxiety disorders.
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1. Introduction
The action potential (AP) is an electrical signal generated in neurons due to changes in
membrane permeability to specific ions (Purves et al., 2008). An AP arises from a
voltage-dependent rapid, transient rise in sodium ion (Na*) permeability, followed by a
delayed and prolonged rise in potassium ion (K*) permeability. The Shal-type channel
(Kv4.x) is a family of voltage-gated potassium channels highly expressed in brain tissue.
It contributes to the transient (A-type), voltage-dependent K* currents (I,) involved in the
AP (Birnbaum et al., 2003). This I, current is responsible for repolarization of the neuron
and tends to reduce depolarization. The Kv4 .x family of proteins is pore-forming and
voltage-sensing o subunits that join into homo- or hetero-tetramer configurations
(Trimmer & Rhodes, 2004; Menegola et al., 2008). The mammalian Shal-type group of
potassium channels are comprised of three different a subunits: Kv4.1, Kv4.2 and Kv4.3.
Previous studies have demonstrated that these o subunits activate in response to
membrane depolarization, rapidly inactivating and recovering quickly from inactivation
in comparison to other Kv channels (Birnbaum et al., 2003).

Of particular interest is protein subunit Kv4.2. In vitro studies have suggested that
Kv4 .2 channels are located in the plasma membrane of dendritic shafts and spines of
neurons (Jensen et al.,2011). Additional in vivo studies of Kv4.2 have been largely
focused on hippocampal CA1 neurons where results have also supported previous in vitro
findings of dendritic expression of Kv4.2 (Sheng et al., 1995; Hoffman et al., 1997; Kim
et al.,2007; Menegola et al., 2008). These studies have found a non-uniform distribution
of Kv4.2, with highest expression levels in distal dendrites (Hoffman et al., 1997).

Chemical loss-of-function studies, using Hetropodatoxin3 (HpTX3), a selective Kv4



channel blocker, revealed an elimination of A-type K* currents in dendritic hippocampal
CA1 neurons (Ramakers & Storm, 2002). A more specific genetic loss-of-function study
using Kv4.2 knockout mice also demonstrated the same effect (Chen et al., 2006). This
loss of A-type K" currents resulted in an increase in the amplitude of dendritic back-
propagating action potentials (bAPs), lowering the threshold for induction of long-term
potentiation (LTP) (Chen et al., 2006). These studies suggest Kv4.2 as a modulator of
bAPs and specific forms of synaptic plasticity. Further studies by Kim ez al. found a
NMDAR- and Ca**- dependent regulation and redistribution of Kv4.2, with AMPAR
activation alone insufficient to trigger this change (Kim et al., 2007). Alterations in
Kv4.2 expression between dendrites and spines affect the amplitude and charge of mini
excitatory postsynaptic current (mEPSC) recorded in the soma (Hoffman et al., 1997).
Through the internalization of Kv4.2 in active spines, mEPSC efficacy is enhanced
through a NMDAR- and Ca**-dependent mechanism, lowering the threshold for induction
of LTP (Kim et al.,2007). This finding suggests an additional mechanism for synaptic
plasticity and fine-tuning of dendritic signaling. Therefore, these studies suggest that
protein channel Kv4.2 regulates dendritic excitability, modulating the action potential’s
duration and frequency.

Although most of Kv4.2 physiology has been studied in the hippocampus, recent
studies have begun to explore its distribution and function in other brain regions. Brain
regions with high Kv4.2 expression levels, such as the bed nucleus of the stria terminalis
(BNST) and intercalated cell clusters (ITCs) within the amygdala nuclei, are also

associated in stress and emotional processing (Lockridge et al., 2010; Kaufmann et al.,



2012; Rannie et al., submitted). This raises the question, does Kv4.2 play a role in
emotional processing and stress mediated plasticity?

Response to fear and stress is a hardwired process involving the amygdala (Davis,
1992). Behavioral studies have suggested that the BLA is involved in conditioning and
assigning emotional significance to sensory stimuli (Davis et al., 1994; Nader et al.,
2001; Walker & Davis, 2008). It receives inputs from the sensory cortex, thalamus and
hippocampus, integrating multiple streams of information (Davis et al., 1994; McDonald,
1998). The BLA then sends out glutamatergic projections to other brain regions involved
in anxiety and fear, including the central nucleus of the amygdala (CeA) and the BNST
(Davis et al., 1994; McDonald, 1998). Therefore, because the BLA receives multiple
inputs from different brain regions, it can act as a substrate for sensory convergence, and
is considered a recognized locus for pairing of stimuli during fear conditioning (Maren et
al., 1996). Previous electrophysiological studies have demonstrated plastic changes in
physiological properties, specifically modification of AMPA receptors, in response to
stress in the BLA (Walker & Davis, 2008). Furthermore, studies have shown that
inactivation of the BLA during learning through pharmacological intervention abolishes
acquisition of fear conditioning (Muller ez al., 1997, Helmstetter & Bellgowan, 1994).

Imaging studies of patients with anxiety disorders suggest higher amygdala basal
activity levels (Etkin & Wager, 2007; Rabinak et al., 2011), in addition to heightened
amygdala activity to fear-inducing stimuli compared to controls (Rauch & Shin, 1997;
Rauch et al., 2006; Shin & Liberzon, 2010; Linnman et al., 2011). Extreme traumatic
events have also been shown to enhance memory formation (Shors, 2001; McGaugh &

Roozendaal, 2002). Functional magnetic resonance imaging (fMRI) studies of patients



suffering from posttraumatic stress disorder (PTSD) have also demonstrated increased
amygdala activity to neutral stimuli, indicating an abnormal amygdala response to non-
threatening conditions (Brunetti et al., 2010). Therefore, during stressful events, neuronal
activity in the BLA might become augmented in the process of fear conditioning.

Current work in our laboratory shows that stress can modulate the localization of
signaling proteins between dendrites and spines in the BLA, and in doing so, alter the
response properties of the principle neurons (Hubert et al., in press). Given the findings
that changing Kv4.2 localization in spines is a mechanism of synaptic plasticity and that
stress can change the localization of other signaling proteins in the spines of the BLA it
will be important to see if Kv4.2 plays a role in stress mediated plasticity in the BLA. My
first aim is to describe the distribution and function of Kv4.2 in rat BLA. My second aim
is to determine whether stress causes alterations in the distribution of the voltage-gated

A-type K* channel subunit Kv4.2 in the BLA.

2. Materials and Methods
Animals: All experimental protocols strictly conformed to National Institutes of Health
guidelines for the Care and Use of Laboratory Animals, and were approved by the
Institutional Animal Care and Use Committees of the Atlanta VA and Emory University.
For immunohistochemical experiments we used 23 adult, male, Sprague—Dawley rats that
were 43 days old at the beginning of the first footshock session (Charles River,
Wilmington, MA, USA).

For our stress studies, we used a repeated unpredictable foot shock protocol

(Hazra et al., 2012). Here, rats receiving shock stress were placed in a testing chamber



(Lafayette Instruments) and exposed to 16 randomly timed foot shocks during a 30
minute period and then returned to their home cages. The shocks were 0.5mA and lasted
for 0.5s, and the half-hour session was broken down into a 5-minute habituation session
followed by three eight-minute periods. Rats received eight random shocks in the first
and third eight-minute periods. Rats underwent this shock protocol daily for four days.
All rats were 43 days old on the first stress day, and age-matched control groups
remained in home cages without shocks.

Stressed rats and their age-matched controls were sacrificed at either one or six
days following the final day of the footshock protocol. For the immunohistochemical
studies, rats were given an injection of pentobarbital (100 mg/kg i.p.), and within minutes
of loss of tail-pinch reflex, transcardially perfused with at least 100 ml of cold,
oxygenated Ringer's solution. This was followed by perfusion with 500 ml of fixative
containing 4.0% paraformaldehyde and 0.1% glutaraldehyde, in phosphate buffer (PB,
0.1 M, pH 7.4). Brains were removed from the skull and stored overnight in 4.0%
paraformaldehyde overnight at 4°C. The brains were then rinsed in phosphate-buffered
saline (PBS) and cut into 60 um-thick coronal sections on a vibratome. In order to
improve penetration of immunolabeling, a freeze thaw protocol was used. Sections were
transferred to a cryoprotectant solution (PB, 0.05 M, pH 7.4 containing 25% sucrose and
10% glycerol) for 20 min. They were then frozen in a —80 °C freezer for 20 min, returned
to a decreasing gradient of cryoprotectant solutions and rinsed in PBS. Sections then
underwent immunohistochemical procedures for the immunoperoxidase localization of

Kv4.2.



Immunohistochemical Experiments

Immunohistochemistry and preparation for electron microscopy was done according to
standard techniques (Muly et al., 2010). We used an affinity purified mouse monoclonal
antibody directed against amino acids 209-225 from rat Kv4.2 (NeuroMab, Davis, CA,
used at 1:1000). Specificity of the antibody has been confirmed by Western blotting, with
the antisera recognizing a single band on immunoblots with a molecular weight of 75-80
kDa in rat brain and wild type mouse brain, but not Kv4.2 knockout mouse brain. In
addition, no cross reactivity against rat Kv4.3 was observed (data available from
NeuroMab). After immunolabeling, the sections were postfixed in 1% osmium tetroxide,
dehydrated in ethanol and placed in uranyl acetate to increase contrast for the electron
microscope. The sections were embedded in epoxy resin (Durcupan, Sigma-Aldrich, St.
Louis, MO) and following hardening, blocks of the BLA were prepared and ultrathin
sections collected and stained with lead citrate. The region of the BLA sampled was in
the middle to slightly rostral region of the BLA (bregma -2.1 to -3.6) and dorsoventrally
in the middle of the nucleus with a bias toward the basal half.

Forty-six blocks (2 block/animal) of BLA tissue immunostained for Kv4.2 were
taken from the slides and glued on the top of resin blocks with cyanoacrylate glue. They
were cut into 55-nm ultrathin sections with an ultramicrotome (Ultracut T2, Leica,
Nussloch, Germany) and serially collected on single-slot Pioloform-coated copper grids.
The sections were stained with lead citrate for 5 minutes (Reynolds, 1963) and examined

with a JEOL 1011 electron microscope (JEOL; Munchen, Germany).



Single-Label Immunogold Localization of Kv4.2

In order to validate the accuracy of DAB label, immunogold labeling was also conducted
to determine the precise location of Kv4.2. Tissue from two adult rats was used for the
immunogold localization of Kv4.2. Sections at the level of the BLA from two of these
rats were processed for the localization of Kv4.2. Sections processed for pre-embedding
immunogold were transferred to the cryoprotectant solution and frozen at —80°C in the
same way as those processed for immunoperoxidase. They were then preincubated in
PBS solution containing 5% milk for 30 mins. Next, they were rinsed three times in a
TBS-Gelatin (0.1% fish gelatin) solution for 3 mins at room temperature (RT) before
being transferred to a TBS-Gelatin solution containing 1% milk and the primary antibody
for Kv4.2 (0.98 mg/ml) for overnight incubation at RT. Next, they were rinsed three
times in TBS-Gelatin for 10 mins and incubated for 2 hours in the secondary 1.4-nm
gold-conjugated goat anti-mouse IgGs (Nanogold, Nanoprobes, Stonybrook, NY) at a
concentration of 1:100 in 1% NGS in TBS-Gelatin solution. They were then rinsed twice
in TBS-Gelation for 10 mins, followed by two 5 min rinses of 2% aqueous Acetate buffer
solution. After the Acetate buffer wash, the sections were then taken to the dark room for
silver intensification of gold particles for 5—10 minutes using the HQ silver kit
(Nanoprobes). They were then rinsed with PB, treated with 0.5% osmium tetroxide for 10
minutes, and dehydrated in 50% ethanol, 70% ethanol / 1% uranyl acetate for 10 mins,
and then dehydrated in a graded series of alcohol and propylene oxide. The remainder of
the tissue preparation was the same as that described above for the immunoperoxidase

material.



Four blocks (2 blocks/animal) of BLA tissue immunostained for Kv4.2 were
taken from the slides and glued on the top of resin blocks with cyanoacrylate glue. They
were cut into 55-nm ultrathin sections with an ultramicrotome (Ultracut T2, Leica,
Nussloch, Germany) and serially collected on single-slot Pioloform-coated copper grids.
The sections were stained with lead citrate for 5 minutes (Reynolds, 1963) and examined

with a JEOL 1011 electron microscope (JEOL; Munchen, Germany).

In immunogold-labeled sections from rat BLA tissue, a minimum of three gold
particles was used as an arbitrary criterion to categorize dendrites as immunoreactive.
Gold particles were designated as plasma membrane-bound if they were apposed to the
plasma membrane. Plasma membrane-bound particles were also characterized as either
being on the intracellular surface or extracellular surface of the membrane. All other gold
particles were categorized as intracellular. Although many of these intracellular particles
were clearly apposed to the membrane of various organelles, the ultrastructural features
of these intracellular elements were often damaged. We therefore considered these gold
particles as intracellular, but did not attempt to characterize the specific intracellular
compartment with which they were associated. No attempt was made to categorize the
axonal or glial labeling as plasma membrane-bound or intracellular because of the limited

spatial resolution of large silver-intensified gold particles in small elements.

Tissue Data Analysis
The grids were examined with a JEOL 1011 electron microscope (JEOL; Munchen,
Germany). The immunoperoxidase labeling for Kv4.2 penetrated deep into the tissue, so

we were able to sample material away from the tissue—resin interface. We randomly



selected fields of immunoreactive elements from the blocks, and images were taken at a
magnification of 40,000 using a Gatan 785 camera and examined using Gatan Digital
Micrograph software (Gatan, Inc.; Pleasonton CA). Data were collected in two blocks
from each stressed and control animals. In total, 23 animals were examined. The counting
method used was semi-quantitative because of a subjective judgment that had to be made
regarding the threshold for considering a profile as positive for a specific stain. These
judgments were made based on the following criterion. On each micrograph, DAB-
labeled profiles were identified based on their content of patches of DAB reaction
product, darker than any adjacent mitochondria, without sharp borders suggesting
crystalline deposits and contained within a membrane bound element and not appearing
to overlay multiple profiles. These labeled profiles were classified as spines, dendritic
shafts, terminals, axons, or glia based on ultrastructural criteria (Peters, 1991). Although
the presence of DAB within the elements complicates their identification, whenever
possible both the presence and the absence of multiple criteria were used to make each
determination (Muly ef al., 2003). In cases that strong DAB, ultrastructural flaws, or
absence of clear features, made ultrastructural identification difficult, the profile was
discarded. Profiles were identified as spines based on size (0.3—1.5um in diameter),
presence of spine apparatus, absence of mitochondria or microtubules, and in some cases
presence of asymmetric synaptic contacts. Dendritic shafts were identified by their
greater size (0.5um or more in diameter) and the presence of microtubules, mitochondria,
and in some cases synaptic contacts. Axon terminals were characterized by the presence
of numerous vesicles, mitochondria, and occasionally a presynaptic specialization.

Preterminal, unmyelinated axons were identified by their small size (0.1-0.3um in
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diameter); regular, round shape; and occasional presence of synaptic vesicles or
neurofilaments. Glial profiles were identified based on their characteristic shape, which
appears to fill in the space between other, nearby profiles, and a relatively clear
cytoplasm, which occasionally contained numerous filaments. This was a blind study
where scoping and analysis were conducted without the knowledge of treatment group.
The numbers of profiles immunoreactive for Kv4.2 were tabulated and the distributions

compared with an ANOVA.

Statistics

For the neuroanatomical studies, the total number of immunoreactive profiles (spines;
dendritic shafts; terminals; axons; glia) sampled was summed for each animal. Next, the
percentage of each profile was calculated by dividing the sum of each individual profile
by the total number of labeled elements quantified for that animal. The groups were then
compared using a 2-way ANOVA with age and labeled profiles as factors. A secondary
analysis was also conducted on immunoreactive terminals. The percentage of terminals
forming symmetric or asymmetric contacts was quantified, in addition to the type of
postsynaptic structure it made contact with (spine; dendritic shaft). Pairwise comparisons
were performed using post-hoc Scheffe tests. All data are expressed as the mean £ SEM.

A p<0.05 was considered statistically significant for all cases.

3. Results
Intracellular Localization of Kv4.2
In order to determine the localization of the voltage-gated A-type K+ channel subunit

Kv4.2 in the BLA, immunoperoxidase staining was used to reveal its location. Because
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the antibody we used was predicted to bind to an extracellular S1-S2 epitope (data
available from NeuroMab), it raised a potential problem for the use of immunoperoxidase
labeling to reveal the ultrastructural location of this protein. If the label were indeed,
outside the plasma membrane, the precise localization of Kv4.2 would be difficult to
determine because the DAB label used for immunoperoxidase staining can diffuse from
the site of production. Hence, to validate the accuracy of DAB label, immunogold
labeling was also conducted to determine the precise location of Kv4.2, and to establish if
the localization pattern is similar between labels. We found that the labeling pattern
produced by immunoperoxidase and immunogold labeling was similar (Fig. 1B & C).
Both produced predominately intracellular immunoreactivity (Fig.1). When the labeling
was associated with the plasma membrane, it was usually found on its intracellular
surface. In particular, we did not observe populations of profiles labeled by gold along
the external surface of their plasma membrane (Fig. 1A). Together, these observations
suggest that we can use either immunoperoxidase or immunogold labeling to localize
Kv4 .2 with this antibody. Although immunogold labeling has superior spatial
localization compared to DAB, we decided to use DAB as our label of choice due to its

higher sensitivity and lower noise level.

Ultrastructural Localization of Kv4.2 in the BLA

Next, to test our hypothesis that stress causes alterations in the distribution of the voltage-
gated A-type K+ channel subunit Kv4.2 in the BLA, we examined two different time
points: 1 and 6 days after the four-day stress protocol to determine the persistence of any

observed change over a limited time period. However, to determine if there was stress-
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induced redistribution, we first needed to determine the localization of Kv4.2 in the age-
matched control animals. We examined the distribution of Kv4.2 in the control animals at
both ages: 47 and 52 days (n= 6 and 5, respectively), which correspond to the ages of
animals at the two different time points after completion of the stress protocol. This was
done to determine if age was a confounding variable on the distribution of Kv4.2 in
stressed animals at these time points.

In this preliminary analysis, we found that most of Kv4.2 immunoreactivity was
in postsynaptic elements, i.e. spines (Fig. 2A) and dendritic shafts (Fig. 2B). This result is
similar to previous in vitro and in vivo studies on the distribution of Kv4.2 (Sheng et al.,
1995; Hoffman et al., 1997; Kim et al., 2007; Menegola et al., 2008; Jensen et al., 2011).
Additionally, although the majority of the Kv4.2-labeled profiles were comprised of
dendritic shafts and spines, there were also a significant number of unlabeled dendritic
shafts and spines in regions with extensive labeling. This observation was quantified by
examining the data from the 11 control animals. From the images collected, we classified
220 to 358 labeled elements within the neuropil of the BLA from each control animal.
We then calculated the percentage of labeled elements in five different components of the
neuropil: spine, dendrite, terminal, axon, and glia. The data was then analyzed using a
two-way ANOVA with factors of age and labeled profile. There was a significant main
effect of labeled profile (F(445=487.493, p<.0001), with no significant main effect of age
(F4.45=0, p>0.999) or interaction between the age and labeled profiles (F 45=1.168,
p=0.3378). Pooling the data from all the control animals, 13.0% of all immunoreactive
profiles were spines, 66.6% dendritic shafts, 4.54% terminals, 4.64% axons, and 11.3%

glial cells (Fig 2F). Post hoc Scheffe tests found significant differences between spines
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and dendrites (p<0.0001), terminals (p=0.0004), and axons (p=0.0005), dendrites and
terminals (p<0.0001), axons (p<0.0001), and glia (p<0.0001), terminals and glia
(p=0.0066), and between axons and glia (p=0.0002) (Fig. 2F). However, no significant
differences were found between spine and glia (p=0.9172) or terminals and axons
(p>0.9999) (Fig. 2F). These data demonstrate that the vast majority of Kv4.2-labeled
profiles in the BLA neuropil are postsynaptic elements, with almost 80% of all labeling
seen in dendritic shafts and spines. A small amount of labeling was also found in
presynaptic elements, i.e. terminals (Fig. 2C) and axons (Fig. 2D), and in glial cells (Fig.
2E), albeit much less when compared to postsynaptic structures.

Because previous studies have not described in detail Kv4.2 localization in
presynaptic structures, we further characterized the labeled terminals in our sample to
determine if they formed symmetric (i.e. putative inhibitory) or asymmetric (i.e. putative
excitatory) synapses in the BLA. Of all the labeled terminals, 40.3% (n=56) made visible
synapses in the single section examined. Of these, 5 made symmetric synapses onto
dendritic shafts, while 51 made asymmetric synapses. The targets of these asymmetric
synapses included 32 spines, 17 dendritic shafts and 2 that were unidentifiable in the
single section analyzed. This suggests that presynaptic Kv4.2 is primarily positioned to

modulate the function of putative excitatory, glutamatergic, synapses in the rat BLA.

Stress Induces an Increase in Kv4.2-Labeling in Dendritic Spines
Having established the distribution of Kv4.2 in the BLA of normal animals, we next
examined the effect of stress on its ultrastructural localization. We examined two

different time points: 1 and 6 days after the four-day stress protocol (n= 6 for both
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groups), and compared them to all 11 control animals. From each stressed animal, we
imaged and categorized 227 to 408 labeled elements within the neuropil of the BLA. We
then calculated the percentage of labeled elements in five different components of the
neuropil: spine, dendrite, terminal, axon, and glia. The distribution of Kv4.2 in the BLA
for the three different groups is depicted in Figure 3. The data were then analyzed using a
two-way ANOVA with factors of group (1-day post stress; 6-day post stress; control) and
labeled profile. There was no significant main effect of group (F4,100=0, p>.999), but
there was a significant main effect of labeled profile (F4,100=989.523, p<.0001), and a
significant interaction between the groups and labeled profiles (Fs,100=3.632, p=0.0010).
Because the significant interaction between treatment and group indicates a
treatment-induced effect in the frequency of label in one or more of the profile types, we
followed this up with a secondary analysis to determine the profile types in which Kv4.2
localization was mainly affected. We conducted separate one-way ANOV As split by
profile. We found that stress significantly increased the percentage of Kv4.2-labeled
spines (F(220=5.678, p=0.0111). Post hoc Scheffe tests found no significant difference
between control and 1 day post stress (p=0.3022) or between day 1 and day 6 post stress
(p=0.3284), but a significant increase in the percentage of Kv4.2-labeled spines between
day 6 post stress animals and control (p=0.0119). Stress also significantly reduced the
percentage of labeled glia (F220=3.919, p=0.0366); however, in our post hoc Scheffe
tests, we found no significant differences were found between control and day 1 post
stress (p=0.9934), between control and day 6 post stress (p=0.0569), nor between day 1

and day 6 post stress (p=0.0847). No significant effect of stress was found for the rest of
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the profiles: dendritic shafts (F220=0.712, p=0.5025), terminals (F(220=3.363,

p=0.0551), or axons (F(220=1.423, p=0.2643).

These findings suggest that stress results in an increased availability of Kv4.2 at
excitatory synapses onto dendritic spines. In order to determine if this was a general
effect at excitatory synapses throughout the BLA or restricted to axospinous synapses, we
conducted a secondary analysis of the relative percentage of dendritic shafts that received
asymmetric synaptic contacts between control and stressed animals (Fig. 4A). Because
inhibitory interneurons are by far the most common target of asymmetric axo-dendritic
synapses in the BLA, labeled dendrites with asymmetric synapses analyzed most likely
belong to GABAergic interneurons (McGuire et al., 1991). Therefore, examining such
labeled postsynaptic dendritic shafts allowed us to analyze profiles of neuronal
populations different from those that received axo-spinous glutamatergic afferents (i.e.
presumed glutamatergic BLA projection neurons). Thus, we determined the fraction of
labeled dendritic shafts that received asymmetric synaptic contacts in the plane of section
and analyzed the data using a one-way ANOVA. We found that 11.387 +/- 3.486% of
Kv4.2-labeled dendrites in control material received asymmetric synapses. Results from
the ANOVA revealed no significant difference in the relative prevalence of these labeled
dendritic profiles between normal and stressed animals (F(2,20=0.077, p=0.9263), thereby
suggesting that the possible increase in Kv4.2 expression at excitatory synapses may be

limited to axo-spinous synapses on BLA projection neurons (Fig. 4B).
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4. Discussion

Using immunohistochemical techniques, we discovered that the bulk of voltage-gated A-
type K* channel subunit Kv4.2 immunoreactivity in the BLA is found primarily in
postsynaptic neuronal elements (i.e. dendritic shafts and spines). Furthermore, our
experiment demonstrated a stress-induced increase in the relative proportion of Kv4.2-
labeled spines over other immunoreactive elements in the BLA. This result suggests that
Kv4.2 might be involved in stress-mediated plasticity, modulating excitability at axo-

spinous glutamatergic synapses in the BLA.

Intracellular Localization of Kv4.2

While the Kv4.2 ,9,,5 antibody used in our experiment was predicted to bind to an
extracellular epitope, we found that the labeling generated by this antibody in the rat
BLA was intracellular using both immunoperoxidase and immunogold. In particular, we
did not observe profiles labeled by gold along the external surface of their plasma
membrane. This pattern of labeling is similar to that recently reported in another study
using pre-embedding immunoperoxidase localization of the same antibody in the neurons
of the intercalated cell clusters of Sprague-Dawley rats (Kaufmann et al., 2012). These
data suggest that the predicted extracellular binding target is inaccurate and that it is
possible to use either immunoperoxidase or immunogold labeling to characterize the
intracellular localization of Kv4.2 immunoreactivity in neuronal elements with this
antibody. Possible reasons for this discrepancy in localization might be a change in the
overall 3D protein structure of the channel subunit during a preparation step causing a

relocation S1-S2 epitope to the intracellular surface, or that the predicted topology of
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Kv4 .2 is different in vivo (Kaufmann ef al., 2012). Another possible explanation is that
most of Kv4.2 is found in internal stores in perfusion fixed material. Our data suggest
that more studies need to be conducted to determine the exact conformation of Kv4.2 in

plasma membranes in vivo.

Subcellular Distribution of Kv4.2 in the BLA

While many in vivo studies of Kv4.2 have been conducted in other brain regions,
particularly in the hippocampus, the subcellular localization of Kv4.2 in the BLA remains
unknown. In the current study, we used immunohistochemical techniques at the electron
microscopic level to determine the normal distribution of voltage-gated potassium
channel subunit Kv4.2 in rat BLA neurons.

The results of this experiment demonstrate the pattern of Kv4.2 localization in the
rat BLA and show that it does not vary across the (limited) age range used in our study.
The majority of Kv4.2 immunoreactivity was observed in postsynaptic elements, with
13% of all immunoreactive profiles found in spines and 66.6% found in dendritic shafts.
These results suggest that Kv4.2 regulates inputs into BLA neurons, which will be further
discussed below.

Albeit scarce, immunoreactivity was also found in presynaptic elements (4.54%
terminals; 4.64% axons) and 11.3% was found in glial cells (Fig. 2). This subcellular
distribution differs from previous in vitro and in vivo studies of Kv4.2 localization that
described Kv4.2 as being confined to postsynaptic elements (Sheng et al., 1995; Hoffman
etal., 1997; Kim et al., 2007; Menegola et al., 2008; Jensen et al.,2011). Kv4.2 was

found mainly in putative excitatory terminals, with 91.1% of terminals having
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asymmetric postsynaptic densities (PSD). Of these, 62.7% synapsed onto spines and
33.3% synapsed onto dendritic shafts. The results from this study suggest that Kv4.2
predominantly contributes to the modulation of presynaptic excitability and regulation of
neurotransmitter release in glutamatergic terminals, which comprise the majority of
excitatory synapses in the brain. Its presence in axons also suggests that it regulates the
propagation of an AP (Sheng et al., 1995). Further electrophysiological studies need to be
conducted to determine the exact function of Kv4.2 in presynaptic elements as well as

their function in glial cells.

Stress-Mediated Redistribution of Kv4.2

In this study, we found a significant increase in the frequency with which Kv4.2-label
was found in dendritic spines following stress. This was observed at the time point six-
day after the stress exposure, but not at the one-day point. Additional analyses of the age-
matched control animals suggest that the observed redistribution was not due to a relative
change in composition in the neuropil of the BLA following stress or due to differences
in the age of the animals over the two time points (Fig. 2F).

Previous studies have demonstrated that stress produces morphological changes in
the brain. In several studies, chronic stress has been shown to increase spine density
(Radley & Morrison, 2005; Vyas et al., 2006; Qin et al.,2011). This raises the possibility
that the stress induced increase in Kv4.2 found in spines might be simply due to a stress-
induced increase of the spine density, and not a redistribution of Kv4.2. However,
Hubert et al., found no significant change in the overall ratio of spines to dendrites in the

BLA following our stress protocol in the same group of animals (Hubert et al., in press).
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In the same study, they also found no change in the membrane resistance (R,,) of the
principle neurons, suggesting no major atrophy or hypertrophy of dendritic branching
(Hubert et al., in press). Therefore, there is no detectable stress-induced morphological
change in our animals. This suggests that the increase in the degree to which Kv4.2 label
was found in spines is unlikely to be due simply to stress induced morphological changes.
Another possible explanation for the observed redistribution is pain-mediated
plasticity. Current literature suggests that different types of pain induce redistribution of a
variety of receptor subunits (Ikeda et al., 2007; Ren & Neugebauer, 2010). However, in
these studies, the animals were subject to more intense pain paradigms, such as arthritis
and neuropathic pain models, than in the stress model used in our study. While we are
unable to differentiate between the factors of pain and stress associated with our
paradigm, footshock is a commonly used protocol to induce stress in rats. Furthermore,
because the footshock intensity is relatively mild in our paradigm, pain-mediated
translocation of Kv4.2 seems unlikely. Studies involving restraint or predatory stress

paradigms should be conducted to confirm our result.

Functional Implications of Kv4.2 Redistribution

Synaptic plasticity is a fundamental feature of learning mechanisms in the brain. There is
accumulating evidence suggesting that synaptic plasticity is in part mediated by
alterations to the expression levels of voltage-dependent Na*, Ca**, Cl" and K* channels
(Zhang & Linden, 2003; Marder & Goaillard, 2006; Abraham, 2008). This modification
of cell excitability is thought to be partially involved in the formation of memory (Zhang

& Linden, 2003; Abraham, 2008).



20

The voltage-gated potassium channel is an integral membrane protein channel that
modulates the electrophysiological properties of the neuron. Therefore, it is reasonable to
postulate that the change in distribution of Kv4.2 observed in our experiment could
impact the input-output function of the neuron. Previous studies of A-type K* channels
suggest that Kv4.2 is a modulator of bAPs and specific forms of synaptic plasticity.
Activation of Kv4.2 in response to sufficient depolarization triggers a fast transient
outward K* current. Thus, The consequence of changes in Kv4.2 expression is an overall
reduction in depolarization where Kv4.2 clusters. In doing so, Kv4.2 varies the action
potential’s duration and frequency. Studies have established that a reduction in functional
Kv4 .2 expression levels in hippocampal neurons augmented the amplitude and charge of
mEPSCs (Hoffman et al., 1997; Ranmakers & Storm, 2002). In addition, application of
HpTX3, a selective blocker of Kv4 channels reduces the threshold for LTP induction
(Ramakers & Storm, 2002). Therefore, the increase in expression in dendritic spines
could theoretically have the opposite effect: reducing the average amplitude and charge
of mEPSCs.

Dendritic spines primarily receive excitatory inputs (Koch & Zador, 1993). Our
data suggests that translocation of Kv4.2 mainly affects excitatory input in BLA neurons,
as change was only observed in spines (Bourne & Harris, 2008). Secondary analysis of
the neuropil compartment, demonstrates no change in the overall number of Kv4.2-
labeled postsynaptic dendrites following our stress protocol (Fig. 4B), suggesting that this
effect is only found in excitatory inputs synapsing onto spines and not in interneuron
inputs synapsing onto dendritic shafts. Therefore, Kv4.2 seems to mainly modulate input

directed at spiny excitatory cells in the BLA. In this region, Kv4.2 should reduce the
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postsynaptic excitability, changing cellular response and output function. Further studies
need to be conducted to determine the alterations Kv4.2 and I, contribute to BLA cell
function in normal and stressed animals.

There is extensive evidence that the BLA is involved in regulating the effects of
stress on memory (McGaugh & Roozendaal, 2002). This involves alterations to the
electrophysiological properties of principle neurons in the BLA. Stress can modulate the
localization of signaling proteins such as AMPAR at the synaptic level, enhancing
dendritic excitability, which in turn results in synaptic plasticity (Beattie et al., 2000;
Brown et al., 2005; Kim et al., 2007; Hubert et al., in press). This enhancement of
dendritic excitability is part of the pathology of anxiety disorders and higher amygdala
basal activity levels are associated with stress and anxiety (Etkin & Wager, 2007;
Rabinak et al.,2011). Taking this into account, our results suggest that the increase in
voltage-gated transient K* channel expression in dendritic spines might be a
compensatory mechanism in an attempt to reduce the aforementioned dendritic
excitability that contributes to the manifestation of pathological stress behavior.

In a separate study conducted by Hubert et al., redistribution of the AMPA
subunit GluR1 was observed following unpredictable footshock stress (Hubert et al., in
press). Specifically, they found an increase in the ratio of GluR1-labeled spines to
dendrites in 6-days post stress rats that persisted out to 14-days post stress, but was not
evident in the 1-day post stress group (Hubert et al., in press). This redistribution of
GluR1 localization from dendritic shafts to spines has been shown to increases dendritic
excitability and is thought to be a contributing factor to the expression of pathological

stress behavior. Comparison of the similar timelines of GluR1 and Kv4.2 redistribution, it
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seems that increase in localization of Kv4.2 in spines might be a roughly concurrent
response to the increase in GIluR1 in an attempt to decrease excitability in that region.
Studies have shown the dynamic nature of Kv4.2 localization, with trafficking to and
from the dendritic membranes occurring within minutes (Kim et al., 2007). Therefore,
taking into account the dynamic nature of Kv4.2 trafficking, and because the 6-day time
course required for redistribution of GluR1 subunits, the redistribution of Kv4.2 could be
a compensatory mechanism for the increase in dendritic excitability caused by the
increase in GluR1 expression. Perhaps this compensatory mechanism is insufficient in
patients with anxiety disorders, resulting in higher amygdala basal activity levels (Etkin
& Wager, 2007; Rabinak et al.,2011) and increased amygdala activity to neutral stimuli
under non-threatening conditions (Brunetti ef al., 2010). If indeed the Kv4.2 response
proves to be a homeostatic mechanism, this ion channel might be a suitable target for
pharmacological intervention of chronic stress and anxiety disorders. If one is able to
manipulate the redistribution of Kv4.2, inducing upregulation of Kv4.2 channels around
excitatory input in the BLA, it might alleviate the manifestation of pathological stress
behavior and prevent anxiety disorders like PTSD. Further studies need to be conducted
to determine the exact association between Kv4.2 and GluR1, and the mechanics of

stress-mediated Kv4.2 trafficking.
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Figure Legends

Figure 1. Intracellular localization of Kv4.2. A-C: Electron micrographs of Kv4.2 immunoreactive
dendritic shafts in the rat BLA. (A-B) Immunogold. (C) Immunoperoxidase. Black arrowheads indicate
intracellular immunogold label; black arrows indicate plasma membrane immunogold label; white
arrowheads indicate intracellular DAB label; and white arrows indicate plasma membrane DAB label.
Note that there are non-labeled profiles intermingled with the labeled ones. Localization pattern of Kv4.2
using immunogold and immunoperoxidase is similar, with it being found both intracellularly and on the
inner portion of the plasma membrane. Scale bar is 1um.



Figure 2. Kv4.2 immunoreactivity in the BLA from the control animals. A-E: Electron micrographs of
Kv4.2 immunoreactivity in the BLA. Immunoperoxidase staining of 55-nm ultrathin BLA sections with
anti-Kv4.2 monoclonal antibodies. The vast majority of Kv4.2-labeled profiles in the BLA neuropil are in
presynaptic elements, with almost 80% of all labeling seen in dendritic shafts and spines. White
arrowheads indicate DAB label. (A) Arrows indicates Kv4.2-immunoreactive spines. (B) Arrow indicates
Kv4.2-immunoreactive dendritic shafts. (C) Arrow indicates Kv4.2-immunoreactive terminals. (D) Arrow

indicates Kv4.2-immunoreactive axons. (E) Arrow indicates Kv4.2-immunoreactive glial processes. Scale
bar is 1um.
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Figure 2. (F) Bar chart of the combined distribution of Kv4.2 immunoreactivity in different
types of neuronal elements. As age does not seem to have an effect on the distribution of Kv4.2 in
the BLA, the data from control animals (1-day; 6-days) were pooled together. Bars indicate SEM

(n=11).
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Figure 3. Effect of stress on Kv4.2 distribution. This bar chart represents the distribution of Kv4.2
immunoreactivity in different types of neuronal elements, in control, 1-day post stress, and 6-day post
stress animals. Kv4.2 is primarily located in the postsynaptic elements (dendritic shafts and spines) with
very little observed in presynaptic elements or glia. Bars indicate SEM (n=23). Asterisks indicate a

significance level of p<0.05.
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Figure 4. No significant reduction in putative interneuron dendritic labeling in the BLA between control
and stressed animals. (A) Electron micrograph of a Kv4.2-immunoreactive dendrite that receives multiple
asymmetric synaptic inputs (arrowheads) in the BLA. Arrow indicates Kv4.2-labeled synaptic dendrite.
Arrowheads indicate asymmetric synapse. Scale bar is lum. (B) Summarized percentage of Kv4.2-labeled
asymmetric synaptic contacts onto dendrites for each treatment. The percentage of Kv4.2-labeled synaptic
dendrites was calculated in control animals and in both groups of stressed animals (1- and 6-day post stress
groups). Inhibitory interneurons receive asymmetric synaptic contacts on dendritic shafts. There was no
significant effect of time post stress on the relative percentage of Kv4.2-immunoreactive dendrites with
asymmetric synaptic inputs (i.e. from putative interneurons) (F(220=0.077, p=0.9263). increase in Kv4.2 is
limited to the dendritic spines of excitatory projection neurons (n=23).



