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Abstract

The delayed-rectifier K* channel Kv2.1 exists in highly phosphorylated somatodendritic clusters.
Ischemia induces rapid Kv2.1 dephosphorylation and a dispersal of these clusters, accompanied by
a hyperpolarizing shift in their voltage-dependent activation kinetics. Transient modulation of Kv2.1
activity and localization following ischemia is dependent on arise in intracellular Ca2*and the protein
phosphatase calcineurin. Here, we show that neuronal free Zn2*also plays a critical role in the
ischemic modulation of Kv2.1. We found that sub-lethal ischemia in cultured rat cortical neurons
led to characteristic hyperpolarizing shifts in K* current voltage dependency and pronounced
dephosphorylation of Kv2.1. ZnZ*chelation, similar to calcineurin inhibition, attenuated ischemic
induced changes in K* channel activation kinetics. Zn?*chelation during ischemia also blocked Kv2.1
declustering. Surprisingly, we found that the Zn2*rise following ischemia occurred in spite of
calcineurin inhibition. Therefore, a calcineurin-independent rise in neuronal free Zn2* is critical in
altering Kv2.1 channel activity and localization following ischemia. The identification of Zn2* in
mediating ischemic modulation of Kv2.1 may lead to a better understanding of cellular adaptive
responses to injury.
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Introduction

Ischemia triggers accumulation of extracellular glutamate, a rise in intracellular Ca* and
occurrence of repetitive waves of depolarization, leading to profound changes in neuronal
excitability (Lee et al., 1999; Dietz et al., 2009). Delayed-rectifier voltage-dependent
potassium channels (Kv) are important in regulating neuronal excitability (Du et al., 2000). Of
these, Kv2.1 is a major component of delayed-rectifier potassium currents (lk) in cortical
neurons (Murakoshi et al., 1997; Du et al., 2000; Malin & Nerbonne, 2002; Pal et al., 2003)
and exists in large, highly phosphorylated clusters on the surface of soma and proximal
dendrites (Scannevin et al., 1996). Mild ischemic injury is associated with dephosphorylation
of Kv2.1, dispersal of somatodendritic Kv2.1 clusters and hyperpolarizing shifts in voltage
dependency (Misonou et al., 2005). The latter has been proposed as a mechanism for limiting
neuronal excitability and thus preventing or limiting widespread excitotoxic cell death
(Surmeier & Foehring, 2004). Such changes in Kv2.1 following ischemia are transient,
returning to baseline conditions within hours of stimulus cessation, and are mediated by a rise
in intracellular Ca2* and protein phosphatase 3 (calcineurin) activity (Misonou et al., 2005).
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In addition to a rise in neuronal Ca2*, ischemic injury also leads to an accumulation of free
Zn2* in neurons (Sensi & Jeng, 2004; Galasso & Dyck, 2007; Hershfinkel et al., 2009). Recent
evidence suggests that the Zn2* rise may actually precede the rise in intracellular Ca2*, serving
as a very early signal in the ischemic cascade (Medvedeva et al., 2009). This rise in neuronal
Zn2* following lethal ischemic insults has been associated with irreversible neuronal injury
mediated by mitochondrial dysfunction (Medvedeva et al., 2009), nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase activation (Suh et al., 2008; Brennan et al., 2009),
generation of reactive oxygen species (Dineley et al., 2008) and activation of a p75NTR-
mediated death executer (Park et al., 2000). In contrast to lethal injury, sub-lethal ischemia can
activate endogenous signaling pathways that render neurons tolerant to subsequent ischemic
damage that would otherwise have been irreversible (Kitagawa et al., 1990; Gidday, 2006).
Recent evidence has shown sub-lethal ischemia leads to a transient, early rise in neuronal free
Zn2*, which is both necessary and sufficient for neuronal tolerance (Lee et al., 2008; Aras et
al., 2009). This rise in neuronal free Zn2* largely originates from intracellular sources and
triggers Zn2*-regulated gene expression (Aras et al., 2009).

In the present study, we found a critical role for Zn?* in the rapid modulation of Kv2.1 following
sub-lethal ischemia. We first confirmed that sub-lethal chemical ischemia leads to the transient
modulation of Kv2.1 voltage dependency and phosphorylation state. The altered K* channel
activation kinetics, which limit neuronal excitability, are dependent on a rise in neuronal free
Zn2*, Moreover, the ischemia-induced dispersal of Kv2.1 clusters is also Zn?*-dependent. We
found that both altered kinetics and localization of Kv2.1 following chemical ischemia are
dependent on calcineurin activity, but that the Zn2* rise occurs independently of this
phosphatase. Thus, Zn?* may represent a novel early signal in the modulation of Kv2.1 channel
activity and localization following sub-lethal chemical ischemia.

Materials and methods

Rat primary neuronal cultures and preconditioning

All experiments were performed in primary cortical cultures prepared from embryonic day 16
Sprague—-Dawley rats (Charles River Laboratories, Wilmington, MA, USA). Harvesting of
embryonic brain tissue was done with the approval of the University of Pittsburgh School of
Medicine and in accordance with National Institutes of Health protocols. As previously
described in detail (Hartnett et al., 1997), the animal is killed with 1-2 minutes of CO,
inhalation in a large plexiglass chamber. Cortices were dissociated with trypsin, and the
resultant cell suspension was adjusted to 670 000 cells per well (six-well tissue culture plates
containing five 12-mm poly-L-ornithine-treated coverslips per well). Cultures were maintained
at 37°C in 5% COo, in a growth medium composed of a volume-to-volume mixture of 80%
Dulbecco’s modified minimal essential medium, 10% Ham’s F12-nutrients and 10% bovine
calf serum (heat-inactivated, iron-supplemented) with 25 mM HEPES, 24 U/mL penicillin and
24 ug/mL streptomycin. Non-neuronal cell proliferation was inhibited after 2 weeks in culture
with 1-2 M cytosine arabinoside, after which the cultures were maintained in growth medium
containing 2% serum and without F12-nutrients. Cultures were utilized at 18-22 days in
vitro. An in vitro model of ischemic preconditioning was previously developed in our
laboratory (McLaughlin et al., 2003; Aras et al., 2009). Briefly, cortical cultures were treated
with 3 mM potassium cyanide (KCN) in a glucose-free balanced salt solution (NaCl, 150 mM;
KCl, 2.8 mM; CaCl,, 1 mM; and HEPES, 10 mM; pH 7.2) for 90 min at 37°C. Preconditioning
with KCN attenuates subsequent excitotoxic cell death by ~50% (McLaughlin et al., 2003;
Avras et al., 2009).
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Electrophysiology

All recordings were made using the whole-cell configuration of the patch-clamp technique as
described previously (McLaughlin et al., 2001). The extracellular solution contained (in mM):
NaCl, 115; KClI, 2.5; MgCl,, 2.0; HEPES, 10; and D-glucose, 10; pH was adjusted to 7.2 with
concentrated KOH; 0.250 mM TTX was added to inhibit voltage-gated sodium channels. The
intracellular (electrode) solution contained (in mM): K-Gluconate, 100; EGTA, 11; KClI, 10;
MgCly, 1; CaCl, x2H,0, 1; and HEPES, 10; pH was adjusted to 7.2 with concentrated KOH;
0.22 mM ATP was added and osmolarity was adjusted to 280 mOsm with sucrose. All
measurements were obtained under voltage clamp with an Axopatch 1C amplifier (Molecular
Devices, Sunnyvale, CA, USA) and pClamp software (Molecular Devices) using 2-3 MQ
electrodes. Partial compensation (80%) for series resistance was provided in all instances.
Currents were filtered at 2 kHz and digitized at 10 kHz (Digidata; Axon Instruments). K*
currents were evoked with a series of 200-ms voltage steps from a holding potential of —50
mV to +80 mV in 10-mV increments. Before the start of the depolarization, a single prepulse
to —10 mV was given for 30 ms to inactivate A-type K* currents. Peak conductance (G) was
calculated from peak steady-state currentamplitudes (1) using the equation G = I/(V-Ek), where
Ek is the Nerst K* equilibrium potential. The conductance was plotted against the potential
(V) and fitted to a single Boltzmann function G = Gax/(1 + exp[-(V —V12)/K]), where Gnax
is the maximum conductance, V1, is the potential at which the channel has half-maximal
conductance, and k is the parameter that represents the slope of the activation curve.

Immunofluorescence

Kv2.1 labeling was performed essentially as described by Misonou et al. (2004). Immediately
following chemical ischemia, neurons were washed three times in ice-cold PBS and fixed with
4% paraformaldehyde for 15 min. Following three washes with PBS, neurons were
permeabilized for 5 min in PBS containing 0.3% Triton X-100. Neurons were washed three
times in PBS and then incubated in PBS containing 1% bovine serum albumin (BSA) for 5
min. Following overnight incubation with anti-Kv2.1 rabbit polyclonal (1: 500; Alomone Labs,
Jerusalem, Israel) and anti-microtubule-associated protein-2 (MAP2) mouse monoclonal (1:
500; Sigma-Aldrich, St Louis, MO, USA) antibodies, neurons were incubated in FITC anti-
mouse (1: 1000; Sigma-Aldrich) and Cy5 antirabbit (1: 1000; Jackson Immunoresearch, West
Grove, PA, USA) secondary antibodies at room temperature for 1 h. Coverslips containing
neurons were then mounted onto glass slides and allowed to air-dry before imaging. Imaging
of neurons was performed on an Olympus Fluoview F\VV1000 confocal unit fitted to an Olympus
BX61 microscope at 60 x (PlanApo, NA 1.4 oil) using Fluoview software (Olympus Fluoview,
Center Valley, PA, USA). Laser and detector settings were retained for all images collected.
Multiple (5-10) optical sections (0.5 um) were acquired to generate a collapsed image file.
Control and treatment groups were always run in parallel within the same immunocytochemical
procedure. Collapsed raw images were transferred to NIH image processing software (ImageJ;
http://rsbweb.nih.gov/ij/) for analysis. Following background subtraction, neuronal somas
were selected and a plot displaying a three-dimensional graph of pixel intensity over a region
of interest was used to display Kv2.1 localization (Fig. 3a). Channel clusters on the plots
appeared as orange—red peaks in pixel intensity, which corresponded to > 70% of maximal
intensity (Fig. 3a). A cell showing primarily diffuse staining was identified as such when its
associated surface map revealed < 5 orange-red peaks. Using these plots, 75-100 cells from
three or four independent experiments were classified as either having clusters or not. Although
infrequent (< 10% of total), neurons containing regions of both clustered and diffuse staining
patterns were scored according to the predominant (> 50% of cell surface) staining pattern.

Eur J Neurosci. Author manuscript; available in PMC 2010 December 10.
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Immunoblotting

Samples for biochemical analysis were prepared from neuronal cultures immediately following
chemical ischemia. Neurons were washed three times with PBS and then incubated in lysis
buffer [Tris-HCI, pH 7.4, 50 mM; NaCl, 150 mM; deoxycholic acid, 0.25%; nonyl
phenoxylpolyethoxylethanol (NP-40), 1%; and EDTA, 1 mM] supplemented with protease
inhibitor mixture (Roche Diagnostics, Indianapolis, IN, USA), 1 mM phenylmethylsulphonyl
fluoride and 100 M vanadate for 5 min on ice. Cell lysates were harvested and centrifuged at
10 000 x g for 10 min at 4°C. Cell lysate samples were combined in a 1: 1 ratio with sample
preparation buffer (Tris-HCI, pH 6.8, 62.5 mM; SDS, 2%,; glycerol, 25%; and Bromophenol
Blue, 0.01%) and incubated for 5 min at 100°C to denature proteins before gel electrophoresis.
SDS-PAGE was carried out by standard procedures using the Mini Protean 3 System (Bio-
Rad, Hercules, CA, USA). Equal amounts of cell lysate (15 ug) were separated on 7.5% SDS-
PAGE gels and transferred onto a 0.2-um nitrocellulose membrane. The membranes were
blocked with 1% BSA in PBS with 0.05% Tween 20 before probing with either an anti-Kv2.1
mouse monoclonal (clone K89/34; NeuroMab, Davis, CA, USA) or an anti-GAPDH mouse
monoclonal (Novus Biologicals, Littleton, CO, USA). Blots were incubated with a goat
antimouse secondary antibody conjugated to HRP and were visualized with a SuperSignal CL-
HRP Substrate System (Pierce Biotechnology, Rockford, IL, USA).

Neuronal ZnZ* imaging

To assess the relative magnitude of intracellular free Zn?* in neurons we utilized the Zn2*-
sensitive fluorescent probe FluoZin-3 AM (Molecular Probes, Eugene, OR, USA). FluoZin-3
AM is a cell-permeant, non-ratiometric fluorescent dye that responds robustly to physiological
changes in cellular free Zn?* (K4 for Zn2* 10-20 nM) and is highly selective for this metal
(Devinney et al., 2005). The small-molecule probe fluoresces upon binding Zn2* and is best
suited for assessing the presence of free Zn%* in cells rather than determining its precise
intracellular concentration (Thompson et al., 2002; Kay, 2003). Following treatment with
chemical ischemia, neurons were loaded with FluoZin-3 (30 min; 5 uM prepared in buffered
solution containing 144 mM NaCl, 3 mM KCI, 10 mM HEPES, 5.5 mM glucose and 5 mg/mL
BSA,; pH 7.3). The culture-containing glass coverslips were then immediately transferred to a
recording chamber (Warner, Hamden, CT, USA) mounted on an inverted epifluorescence
microscope super-fused with phenol red-free minimal essential medium, supplemented with
25 mM HEPES and 0.01% BSA. Images were acquired by exciting the fluorescent dye with
490 nm light every 10 s for 5 min using a computer-controlled monochromator (Polychrome
Il; TILL photonics, Martinsried, Germany) and CCD camera (IMAGO; TILL photonics).
Following acquisition of baseline metal levels (for ~100's), any neuronal free Zn?* was chelated
by superfusing cells with the membrane-permeant Zn?* chelator N,N,N’,N'-tetrakis (2-
pyridalmethyl) ethylenediamine (TPEN; 20 xM). The magnitude of the Zn2* fluorescence for
all neuronal cell bodies in a single field (n = 5-20 neurons) was determined by subtracting the
fluorescence signal after TPEN perfusion from the initial baseline signal (AFtpgN), as
described earlier (Knoch et al., 2008; Aras et al., 2009). With this method, larger AFtpen
values correspond to higher amounts of pre-existing free intracellular Zn2* in neurons (Knoch
et al., 2008; Aras et al., 2009; Hershfinkel et al., 2009).

Calcineurin activity assay

Calcineurin activity was measured using a malachite green-based colorimetric cell-free assay
(cat. no. 207005; Calbiochem, San Diego, CA, USA) which utilized human recombinant
calcineurin, an RII phosphopeptide substrate and bovine brain calmodulin. Each test sample
contained 5 uL calcineurin, 0.15 mM RII phosphopeptide and 0.5 uL calmodulin, as per the
manufacturer’s recommended protocol, along with 10 xL of either Zn?* or TPEN at various
concentrations. Following 10 min incubation at 30°C, reactions were terminated with 100 uL
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malachite green reagent. Color was allowed to develop for 30 min at room temperature before
measuring absorbance of each sample at 600 nm (Wallac 1420 Victor? multilabel counter;
Perkin-Elmer, Waltham, MA, USA). Phosphatase activity is expressed as the absorbance at
600 nm, reflecting the amount of free phosphate released and detected by malachite green.
Results were obtained from three independent experiments, each performed in duplicate. A
standard activity calibration curve was performed with each experiment using phosphate
standards.

Statistical analysis

Results

Throughout the text, data are expressed as mean = SEM. Statistical analysis was performed on
electrophysiology, clustered cell counts and Zn2* imaging data using an ANOVA with post
hoc comparisons, as indicated in figure legends (GraphPad InStat software, La Jolla, CA,
USA). An « of P < 0.05 was considered statistically significant.

Sub-lethal ischemia altered potassium channel activity and Kv2.1 phosphorylation

Transient hyperpolarizing shifts in the voltage-dependence of activation of neuronal Ik
dramatically limit neuronal excitability and are thus thought to be an adaptive cell response to
ischemia (Surmeier & Foehring, 2004). Sub-lethal chemical ischemia, using KCN coupled
with glucose-free conditions, reliably induces Zn%*-dependent excitotoxic tolerance in cortical
neurons (Aras et al., 2009). To first determine whether sub-lethal ischemia could alter K*
channel activation in cortical neurons, whole-cell K* currents were measured from control and
KCN-preconditioned (3 mM, 90 min) neurons immediately following treatment. We found
that sub-lethal ischemia indeed led to a hyperpolarizing shift in the voltage-dependency of
K* channel activation (control V1), 26.8 £ 0.97 mV, KCN V1, 8.88 + 4.3 mV; Fg g = 12.59,
P <0.001, ANOVA-Tukey; Fig. 1a), similar to those reported in hippocampal neurons
(Misonou et al., 2005). These hyperpolarizing shifts were transient and partially returned to
baseline conditions 24 h following the ischemic stimulus (V12 18.6 2.1 mV; Fg g2 = 12.59
P > 0.05 compared to control ANOVA-Tukey; Fig. 1a).

Hyperpolarizing shifts in the voltage-dependent activation of neuronal Ik are associated with
a dephosphorylation of the Kv2.1 channel (Misonou et al., 2004, 2005). To determine whether
sub-lethal ischemia could dephosphorylate Kv2.1, we performed immunoblot experiments on
cortical neurons exposed to either KCN or control conditions (Fig. 1b). The major forms of
Kv2.1 in control-treated rat brain cultured neurons were found to exhibit a higher range of
molecular weight bands (~95-105 kDa; Fig. 1b) than predicted from the deduced Kv2.1
primary sequence (95.3 kDa), reflecting its constitutively multi-phosphorylated state (Misonou
et al., 2004). KCN led to a dramatic reduction in the molecular weight of Kv2.1, representing
a dephosphorylation of the channel (Fig. 1b; Misonou et al., 2004). Changes in the
phosphorylation state of Kv2.1 are reversible and are restored to control conditions hours after
the stimulus (Misonou et al., 2004, 2005). Indeed, 24 h following KCN exposure, we found
that Kv2.1 partially returned to its multi-phosphorylated state (Fig. 1b). Thus, reminiscent to
the response following ischemia in hippocampal neurons (Misonou et al., 2005), sub-lethal
ischemia led to a transient dephosphorylation of Kv2.1 in cortical neurons, accompanied by
hyperpolarizing shifts in the voltage-dependence of neuronal Ik.

Modulation of K* channel activity was Zn2*- and calcineurin-dependent

The hyperpolarizing shifts in K* channel activation have been shown to be dependent on a rise
in intracellular Ca?* and the activation of calcineurin (Misonou et al., 2005). Recent evidence
suggests that sub-lethal ischemia also triggers a transient rise in intracellular Zn%*, which is
both necessary and sufficient for mediating long-term neuronal tolerance (Lee et al., 2008;

Eur J Neurosci. Author manuscript; available in PMC 2010 December 10.
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Aras et al., 2009). Here, we investigated whether the chemical ischemia-induced Zn2* rise also
contributed to immediate changes in neuronal excitability. To test this, whole-cell K* currents
were measured from neurons preconditioned in the presence of the cell-permeant Zn2*-chelator
TPEN (1 «M). It is noteworthy that under these conditions the neuroprotective effects of sub-
lethal ischemia are severely attenuated (Aras et al., 2009). We found that TPEN almost
completely blocked the hyperpolarizing shift in the voltage-dependence of activation (V12
19.0 £ 1.4 mV; Fg g2 = 12.59, P > 0.05 compared to control, P < 0.05 compared to KCN,
ANOVA-Tukey; Fig. 2a). In addition to binding Zn2* with highest affinity (Kq 2.6 x 10716),
TPEN also binds iron (Kq 2.4 x 10715). We thus confirmed the specificity of TPEN for Zn?*
using two different pharmacologic approaches. First, we recorded whole-cell K* current from
neurons exposed to KCN in the presence of 1 xM TPEN that was pre-bound to an equimolar
concentration of Zn2*. By pre-binding TPEN to Zn2*, we can effectively abolish its ability to
bind free Zn2* elicited by KCN. We found that Zn2*—TPEN had no effect on the KCN-induced
hyperpolarizing shift in voltage-dependency (V1 11.7 £ 2.5 mV; Fg 9o = 12.59, P < 0.001
compared to control, P > 0.05 compared to KCN, ANOVA-Tukey; Fig. 2a). Moreover, we
tested the effect of the iron chelator deferroxamine (100 uM; Kstapility ~1031) on Kv2.1 voltage-
dependency. We found that deferroxamine had no effect on the KCN-induced hyperpolarizing
shift, indicating that iron probably does not mediate this process (V12 9.73 £ 2.3 mV; Fggp =
12.59, P < 0.001 compared to control, P > 0.05 compared to KCN, ANOVA-Tukey; Fig. 2a).
Together, these data confirm that Zn2*, rather than another heavy metal, is required for the
changes in Kv2.1 voltage-dependence of activation following sub-lethal ischemia. However,
when neurons were treated with exogenous Zn?* and the Zn%* ionophore pyrithione acutely
(30 and 100 uM ZnCl, with 1 uM pyrithione; 2-5 min), the voltage-dependence of activation
of Kv2.1 channels was not shifted (not shown). However, exogenous Zn2* exposure may not
truly recreate the KCN-induced Zn2* rise. While the increase in Zn2* fluorescence in neurons
following a 90-min KCN exposure was similar to that elicited by a short exposure to 1 M
Zn2* with 1 zM pyrithione (Supporting information, Fig. S1), we have previously found and
reported that extended exposure to 1-100 M Zn2* with 1 xM pyrithione leads to neuronal
toxicity (Aras et al., 2009). Together, these data suggest that Zn2* may be necessary but not
sufficient for the ischemic-induced modification of neuronal I.

In order to confirm the role of calcineurin in this process, whole-cell K* currents were measured
from preconditioned neurons treated in the presence of the calcineurin inhibitor FK520 (5
#M). We found that, like TPEN, FK520 attenuated the preconditioning-induced hyper-
polarizing shift in the voltage-dependence of K* channel activation (V1/», 20.3 + 2.4 mV;
Fe,92 = 12.59, P > 0.05 compared to control, P < 0.05 compared to KCN, ANOVA-Tukey;
Fig. 2a). Thus, both Zn?* and calcineurin played a role in the modulation of the voltage-
dependence of activation of neuronal Ik following chemical ischemia. However, in contrast to
the effect of either drug alone with KCN, we found that neurons exposed to KCN in the presence
of 1 uM TPEN and 5 uM FK520 maintained leftward-shifted activation kinetics (V1p, 8.26 £
2.1 mV). This somewhat surprising result may be due to an interaction between the two
chemicals, as suggested by earlier work (Bonilla et al., 2002).

Next, we examined whether Zn?* was required for the ischemia-induced dephosphorylation
of Kv2.1 channel subunits. Immunoblot experiments were performed from neurons exposed
to either 3 MM KCN, 3 mM KCN with 1 M TPEN, or control conditions (Fig. 2b).
Surprisingly, despite the requirement for Zn2* in mediating the hyperpolarizing shift in voltage-
dependency, the metal chelator did not block the dephosphorylation of Kv2.1 following
chemical ischemia (Fig. 2b). These data suggest that the effect of Zn2* on changes in Kv2.1
may not require dephosphorylation. It should be noted, however, that not all of the seven
potential calcineurin-sensitive phosphorylation sites on Kv2.1 (Park et al., 2006) may be
dephosphorylated following chemical ischemia. Thus, a change in the phosphorylation state
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of one or a minority of potential calcineurin sites on Kv2.1 may not have been detected by our
assay.

Chemical ischemia induced Zn 2*- and calcineurin-dependent declustering of Kv2.1

Hyperpolarizing shifts in K* channel activation and dephosphorylation of Kv2.1 are
accompanied by a dispersal of surface Kv2.1 clusters to a more uniform localization (Misonou
et al., 2005). To determine whether the ischemic dispersal of Kv2.1 clusters is also dependent
on a rise in free Zn?*, cortical neurons were exposed to KCN in the absence and presence of
TPEN. Immediately following exposure, neurons were fixed and immunostained using
antibodies specific for Kv2.1 and the neuronal marker microtubule-associated protein-2
(MAP2). Maps plotting the distribution of Kv2.1 within individual neuronal somata were used
to determine whether a cell contained clusters (Fig. 3a). We found that sub-lethal ischemia led
to a dispersal of somatic Kv2.1 clusters (control cells with clusters, 63%; KCN cells with
clusters, 25%; Fg 16=5.1, P <0.01, ANOVA-Dunnett; Fig. 3aand b). Kv2.1 dispersal partially
returned to a clustered localization 24 h following ischemia (cell with clusters, 53%; Fg 16 =
5.1, P > 0.05 compared to control, ANOVA-Dunnett; Fig. 3b). When neurons were exposed
to KCN in the presence of TPEN, declustering of Kv2.1 was blocked (cells with clusters, 65%;
Fe,16 = 5.1, P > 0.05 compared to control; Fig. 3a and b). As a control, we verified that both
ischemia- and NMDA-mediated declustering was dependent on calcineurin by using FK520
(KCN+FK520 cells with clusters, 57%; Fg 16 = 5.1 P > 0.05 compared to control, ANOVA-
Dunnett; NMDA cells with clusters, 32%; Fg 16 = 5.1 P < 0.05 compared to control, ANOVA-
Dunnett; NMDA+FK520 cells with clusters, 61%; Fg 16 = 5.1, P > 0.05 comapred to control,
ANOVA-Dunnett; Fig. 3a and b; Misonou et al., 2005; Mulholland et al., 2008). Thus, in
addition to calcineurin, ischemic declustering of Kv2.1 required an increase in neuronal free
Zn2*,

Zinc accumulation was not calcineurin-dependent

Both a rise in neuronal free Zn?* and activation of calcineurin are required for the modulation
of Kv2.1 following sub-lethal ischemia (Figs 2 and 3). To determine the interdependence of
these two signaling events, we measured the preconditioning-induced Zn2* rise in the absence
and presence of the calcineurin inhibitor. Cortical neurons were loaded with the Zn?*-selective
indicator FluoZin-3 (5 M, 30 min) and imaged using live-cell wide-field microscopy.
Intracellular TPEN-sensitive Zn?* fluorescence rose significantly in neurons exposed to sub-
lethal chemical ischemia (control AFpgp, 21.6 +3.5; KCN AFtpgp, 50.2 £5.4; F5 9 = 13.186,
P <0.01, ANOVA-Dunnett; Fig. 4a) as previously reported (Aras et al., 2009). The increase
in neuronal Zn2* fluorescence following a 90-min 3 mM KCN exposure was similar to that
elicited by a short exposure to 1 M Zn2* with 1 xM pyrithione (supporting Fig. S1). This
KCN-induced increase in neuronal Zn%* remained relatively unchanged in the presence of the
calcineurin inhibitor FK520 (5 uM; KCN+FK520 AFtpgy, 49.7 £ 4.6; F» o9 = 13.186, P < 0.01
compared to control, ANOVA-Dunnett; Fig. 4a). These data suggest that the rise in neuronal
Zn2* occurred independently from, or was upstream of, calcineurin activity following
preconditioning.

Finally, to determine whether Zn?* can directly modulate calcineurin activity, we performed
a cell-free calcineurin activity assay in which the RIl phosphopeptide was used as a substrate
for human recombinant calcineurin. We found that, when the reaction was performed in the
presence of increasing concentrations of Zn2*, phosphatase activity remained relatively
unchanged (Fig. 4b). To determine whether TPEN could modulate calcineurin activity, the
reaction was performed in the presence of increasing concentrations of the metal chelator.
Again, no change in calcineurin activity was observed (Fig. 4b). Thus, it is likely that Zn2*
may indirectly modulate calcineurin activity and, indeed, it may act in parallel to calcineurin
in modulating Kv2.1.
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Discussion

Previous reports have shown that ischemic modulation of Kv2.1 critically depends on arise in
intracellular Ca* and on the protein serine/threonine phosphatase calcineurin (Misonou et
al., 2005). In the present study we found that Zn?* also participates in the modulation of Kv2.1
channel activity following sub-lethal ischemic injury. We first confirmed that sub-lethal
chemical ischemia in cortical neurons leads to a hyperpolarizing shift in the voltage-dependent
activation of neuronal Ik and an associated reduction in molecular weight of total Kv2.1
protein, reflecting a dephosphorylation of the channel. Changes in the voltage-dependency and
phosphorylation state of Kv2.1 following sub-lethal ischemia in hippocampal neurons are
transient, and recover shortly following stimulus cessation (Misonou et al., 2005). In cortical
neurons, we found that the ischemia-induced changes only partially recovered to baseline
conditions 24 h following KCN cessation. The difference in recovery between the two studies
may simply be due to the differences in cellular model system (hippocampal neurons vs. mixed
cortical culture) or stimulus duration (15 min vs. 90 min chemical ischemia). Importantly,
however, KCN-induced sub-lethal ischemia led to characteristic changes in Kv2.1 activity and
phosphorylation previously described following ischemia (Misonou et al., 2005).

An accumulation of neuronal free Zn?*, probably mediated by a combination of Zn2*
translocation from presynaptic vesicles (Koh etal., 1996) and Zn?* liberation from intracellular
stores (Aizenman et al., 2000), can trigger neurodegenerative signaling following lethal
ischemia (Frederickson et al., 2005). An early rise in neuronal free Zn?* has also been reported
following sub-lethal injury, and this rise is required for neuroprotection in both in vivo and in
vitro models (Lee et al., 2008; Aras et al., 2009). We previously reported that exposure to sub-
lethal chemical ischemia (3 mM KCN for 90 min), an identical ischemic insult to that used in
the present study, led to an increase in neuronal free Zn2* in cortical neurons (Aras et al.,
2009). This transient Zn2* rise, measured using two different highly sensitive and Zn?*-specific
assays, largely originated from intracellular sources and activated Zn2*-regulated gene
expression (Aras et al., 2009). Indeed, neuronal tolerance conferred by sub-lethal chemical
ischemia requires 24 h to develop and is critically dependent on new protein synthesis
(McLaughlin et al., 2003). In the present study we suggest that, in addition to providing long-
term tolerance via the activation of gene expression, an increase in free Zn?* is also involved
in rapid homeostatic excitability responses following ischemia via changes in Kv2.1. The
delayed-rectifier Kv2.1 channel, similar to other K* channels that are modulated in response
to changes in the metabolic state (Katp channels) or [Ca]; (Ca?*-activated BK channels), can
play an important role in limiting excitability following ischemia (Du et al., 2000; Misonou
et al., 2005). While a role for Ca* and calcineurin in the modulation of Kv2.1 channel
activation following ischemia has been described (Misonou et al., 2005), recent evidence has
shown that a Zn2* rise occurs immediately upon onset of ischemic injury and precedes, and
may even contribute to, Ca2* deregulation (Stork & Li, 2006; Medvedeva et al., 2009). Indeed,
we found that the cell-permeable Zn?* chelator TPEN significantly attenuated the
hyperpolarizing shift in the voltage-dependent activation of Ik to the same extent as calcineurin
inhibition. Further, we found that the Zn2* rise was not altered by calcineurin activity and that
phosphatase activity was not affected by Zn2*. Together, these data suggest that the Zn2*
signaling may indirectly modulate calcineurin activation or perhaps occur concurrently. Thus,
Zn2* plays a critical early role in the modulation of K* channel kinetics following ischemia.

Kv2.1 channels are localized to large clusters found over the soma and proximal dendrites of
cortical neurons (Trimmer, 1991). The assembly of Kv2.1 into large surface clusters restricted
to the cell body and proximal dendrites of neurons is probably mediated by a proximal
restriction and clustering (PRC) domain located within the last 318 amino acids of the
intracellular C terminus (Lim et al., 2000; Mohapatra & Trimmer, 2006). The cellular
components involved in cluster maintenance are currently an intense line of investigation. For
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example, an actin cytoskeleton-based dynamic perimeter fence may regulate cluster size and
localization (O’Connell et al., 2006). Remarkably, although clusters themselves exhibit little
lateral mobility, single Kv2.1 channels are mobile within and even between clusters (Tamkun
et al., 2007), arguing against the presence of a sustained physical association between Kv2.1
and a scaffolding protein. Tamkun and co-workers propose a model in which retention proteins
interact with the Kv2.1 C terminus, perhaps in a phospho-dependent manner, to prevent
individual channels from crossing the perimeter fence (O’Connell et al., 2006). While the role
of Zn?* in individual Kv2.1 channel mobility is not clear, the liberation of neuronal Zn%* from
intracellular stores has been shown to be an important upstream signaling event in the phospho-
dependent surface delivery of new Kv2.1 channels in apoptosis (McLaughlin et al., 2001;
Redman et al., 2007, 2009). The results presented here suggest that neuronal Zn2* may also
regulate existing Kv2.1 cluster activity and localization following ischemia. The functional
significance of maintaining Kv2.1 channels in clusters also remains unclear. A recent report
by Misonou and colleagues suggest that Kv2.1 clusters are strategically situated at junctions
between astrocytic and neuronal membranes to achieve rapid modulation following ischemia
(Misonou et al., 2008). The authors speculate that glutamate accumulation in the extracellular
space following ischemia may activate ionotropic glutamate receptors, leading to elevated
[Ca2*];, calcineurin activation, and modulation of Kv2.1 (Misonou et al., 2008). Here, we
provide evidence for an additional signaling event, the calcineurin-independent transient rise
in neuronal Zn2*, in mediating the dispersal of channel clusters following ischemia. Thus, a
rise in Zn2* along with Ca2* may be necessary for modulation of Kv2.1 following ischemia.

Finally, we examined the relationship between the two signaling events involved in modulation
of Kv2.1 following ischemia, the rise in neuronal free Zn2* and calcineurin activation. We first
examined the temporal order of signaling events and observed that the Zn?* rise occurred even
in the presence of calcineurin inhibition. Calcineurin is a protein serine/threonine phosphatase
that is regulated by Ca?* and calmodulin binding (King & Huang, 1984). In addition,
calcineurin is an Fe2* and Zn?* metalloenzyme containing both metals in its catalytic domain,
and both are required for full phosphatase activity (Goldberg et al., 1995). It may be possible
that Zn2* could directly enhance, or that Zn?* chelation by TPEN may prevent, full calcineurin
activation following ischemia. However, we found evidence against direct modulation of
calcineurin activity by Zn?* or TPEN. Instead, Zn?* may either be indirectly affecting
calcineurin activity following ischemia, or may mediate a parallel signaling pathway leading
to Kv2.1 modulation.

The data presented here strongly implicate a rise in free neuronal Zn2* in the modulation of
Kv2.1 channel activity and localization following ischemia. This study represents an
intersection of emerging evidence implicating Zn2* in triggering neuroprotective mechanisms
and Kv2.1 modulation in limiting neuronal excitability following ischemia.
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Kv delayed-rectifier voltage-dependent potassium channels
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Fig. 1.

Chemical ischemia altered K* channel activation properties and phosphorylation state. (a)
Inset, representative I currents in cortical neurons evoked with a series of 200-ms depolarizing
steps from —50 to +80 mV recorded under whole-cell voltage clamp. A single 30-ms pre-pulse
depolarization to —10 mV was given before each recording to minimize rapidly-inactivating
K* current. Whole-cell K* currents were measured immediately following either control (black
traces) or 3mM KCN (red traces) exposure, or 24 h following 3 mM KCN (green traces). Main
plot shows the conductance-voltage (G-V) relationship of peak potassium current recorded
from neurons in each treatment group. Data points represent the mean = SEM from 6-18
neurons. (b) Neurons were exposed to either vehicle or 3 mM KCN. In KCN-treated groups,
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cell lysates were harvested immediately or 24 h following stimulus. Lysates were separated
and transferred to nitrocellulose membranes, which were probed with either an anti-Kv2.1
mouse monoclonal (1: 1000) or an anti-GAPDH mouse monoclonal (1: 1000) antibody. A blot
representative of four independent experiments is shown. Calibration for insets in A, 2nA, 50
ms.

Eur J Neurosci. Author manuscript; available in PMC 2010 December 10.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Avras et al.

Page 15

QO

w
o
]
>

20+

104

Voltage at half-maximal activation (mV)

o
|

CONTROL KCN  KCN KCN KCN KCN
+TPEN +Zn/TPEN +DFO +FK520

(o)

KCN

CONTROL +TPEN

100 kDa— ‘- Kv2.1
[ R

Fig. 2.

Altered K* channel activation properties were Zn%*- and calcineurin-dependent. (a) Whole-
cell K* currents were measured immediately following control, 3 mM KCN or 3 mM KCN in
the presence of 1 M TPEN, 1 xM TPEN prebound to 1 xM Zn%*, 100 uM deferroxamine or
5 uM FK520. Peak current for each neuron was converted to conductance and the conductance
was plotted against each potential and fit to a Boltzmann distribution. Data points represent
mean + SEM half-maximal activation voltage (mV) for K* currents obtained from 7 to 19
neurons (***P <0.001 compared to control, AP <0.05; one-way ANOVA-Tukey). (b) Neurons
were exposed to either vehicle, 3 mM KCN or 3 mM KCN along with 1 xM TPEN for 90 min.
Cell lysates were harvested immediately following exposure. Lysates were separated and
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transferred to nitrocellulose membranes, which were probed with either an anti-Kv2.1 mouse

monoclonal (1: 1000) or an anti-GAPDH mouse monoclonal (1: 1000) antibody. A blot
representative of three independent experiments is shown.
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Zn2* was required for the calcineurin-dependent ischemic declustering of Kv2.1 in cortical
neurons. (a) Neurons exposed to control, 3 mM KCN, or KCN in the presence of 1 uM TPEN
were fixed and immunostained with anti-Kv2.1 (1: 500; red) and anti-MAP2 (1: 500; green)
antibodies. In KCN-treated groups, neurons were fixed immediately or 24 h following stimulus.
Representative neurons and their associated surface maps from each treatment group from three
or four independent experiments are shown. Background-subtracted neuronal surface maps
show relative Kv2.1 staining intensity values plotted along the area of the cell body. (b) Neurons
were exposed to control, 3 mM KCN (90 min), KCN in the presence of 1 uM TPEN or 5 uM
FK520 (90 min), 100 uM NMDA with 10 uM glycine (10 min), or NMDA/glycine in the
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presence of 5 uM FK520 (10 min). Neurons were fixed and immunostained as in A. Fluorescent
images were background-subtracted and cell surface maps were created to plot Kv2.1 staining
intensity over the neuronal soma. Clusters on surface maps appeared as orange—red peaks in
pixel intensity. Using these plots, 75-100 cells from three or four independent experiments
were classified as either clustered or not. Data points represent the percentage of cells with
clusters compared to total cell counts (mean + SEM; *P < 0.05, **P < 0.01 compared to control;
one-way ANOVA-Dunnett). Scale bar in A, 10 zm.
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Chemical ischemia induced a calcineurin-independent Zn?* rise. (a) Cortical neurons were
exposed to control or 3 mM KCN in the absence or presence of 5 uM FK520. Representative
fluorescence traces of several neurons in a single coverslip from each treatment group are
shown above the corresponding bar from the bar graph. Arrow depicts the beginning of
superfusion with 20 «M TPEN to chelate Zn?* and quench fluorescence. Bar graph represents
mean (+ SEM) AFtpgn measurements from 8 to 15 coverslips, each containing 10-25 neurons
(**P < 0.01 compared to control; one-way ANOVA-Dunnett). (b) Calcineurin activity was
measured using a cell-free colorimetric assay Kit, in which RII phosphopeptide served as a
substrate for human recombinant calcineurin. Recombinant calcineurin and bovine brain
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calmodulin were combined with increasing concentrations of Zn2* (top, triangles) or TPEN
(bottom, squares). Plots show the absorbance at 600 nm, indicating the amount of free
phosphate released into the sample that can be detected by the malachite green reagent. Each
line segment represents an independent experiment performed in duplicate. Calibration in A,
50 arbitrary fluorescence units, 50 s.
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