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Abstract

Global cerebral ischemia following cardiac arrest and cardiopulmonary resuscitation (CA/CPR) 

causes injury to hippocampal CA1 pyramidal neurons and impairs cognition. SK2 channels, 

expressed in CA1 pyramidal neurons, have been implicated as potential protective targets. Here 

we show that in mice, hippocampal long-term potentiation (LTP) is impaired as early as 3 hrs after 

recovery from CA/CPR and that LTP remains impaired for at least 30 days. Treatment with the 

SK2 channel agonist, 1-EBIO 30 minutes after CA provided sustained protection from plasticity 

deficits, with LTP being maintained at control levels at 30 days after recovery from CA/CPR. 

Minimal changes in glutamate release probability were observed at delayed times after CA/CPR, 

implicating post-synaptic mechanisms. Real-time quantitative RT-PCR indicates that CA/CPR 

does not cause a loss of NMDA receptor mRNA 7 or 30 days after CA/CPR. Similarly, no change 

in synaptic NMDA receptor protein levels were observed 7 or 30 days after CA/CPR. Further, 

patch-clamp experiments demonstrate no change in functional synaptic NMDA receptors 7 or 30 

days after CA/CPR. Electrophysiology recordings showed that synaptic SK channel activity is 

reduced for the duration of experiments performed (up to 30 days) and that surprisingly, treatment 

with 1-EBIO did not prevent CA/CPR-induced loss of synaptic SK channel function. We conclude 

that CA/CPR causes alterations in post-synaptic signaling that are prevented by treatment with the 

SK2 agonist 1-EBIO, indicating that activators of SK2 channels may be useful therapeutic agents 

to prevent ischemic injury and cognitive impairments.
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Introduction

Cardiac arrest occurs in approximately 600,000 people each year in the US, and is a major 

cause of mortality and morbidity (Roger et al., 2012). Cardiac arrest is accompanied by 

global ischemia that results in neuronal death and injury to surviving neurons, with 

consequent long-term cognitive deficits including motor coordination, executive function, 

and learning and memory impairments (Nunes et al., 2003; Khot & Tirschwell, 2006; 

Peskine et al., 2010; Neumann et al., 2013). CA1 pyramidal cells in the hippocampus play 

an important role in learning and memory, and are particularly sensitive to ischemia, 

exhibiting delayed neuronal cell death in the CA1 area of the hippocampus at autopsy in 

people and following experimental cerebral ischemia (Pulsinelli et al., 1982; Pulsinelli, 

1985; Petito et al., 1987; Schmidt-Kastner & Freund, 1991; Horn & Schlote, 1992). This 

injury and cell death is thought to arise from excessive excitatory glutamatergic 

neurotransmission that causes excitotoxic Ca2+ influx through postsynaptic ionotropic 

glutamate receptors (Arundine & Tymianski, 2004; Waxman & Lynch, 2005; Szydlowska & 

Tymianski, 2010). Indeed, inhibitors of glutamate receptors have demonstrated robust 

neuroprotection following experimental brain ischemia. However, these agents have failed 

to translate to the clinic, making it important to identify alternative approaches to improve 

functional recovery following cerebral ischemia (Ikonomidou & Turski, 2002; Muir, 2006; 

Ginsberg, 2008).

Dendritic spines are the major postsynaptic sites of glutamatergic neurotransmission. The 

excitatory postsynaptic potential (EPSP) reflects, in part, the depolarizing activity of 

postsynaptic ionotropic glutamate receptors, AMPA and NMDA receptors. Calcium entry 

through NMDA receptors is a critical initiator of activity-dependent enhancement in 

synaptic strength, termed long term potentiation (LTP) and is considered a cellular substrate 

for learning and memory (Malenka & Nicoll, 1993). Small conductance Ca2+-activated K 

channels (SK2) are expressed in the postsynaptic membrane of CA1 hippocampal neurons, 

near the NMDA receptor, and are activated by Ca2+ entering through the NMDA receptors 

(Ngo-Anh et al., 2005). Their repolarizing current reduces depolarization and attenuates 

Ca2+ influx through NMDA receptors by promoting Mg2+ block, and in this way, synaptic 

SK2 channel activity modulates the induction of NMDA-receptor dependent synaptic 

plasticity (Stackman et al., 2002; Hammond et al., 2006; Lin et al., 2008). These findings 

suggest that increasing SK2 channel activity would provide neuroprotection following 

ischemia by minimizing NMDA receptor activity. Indeed, we recently demonstrated that 

transgenic overexpression of SK2 channels, or pharmacologically increasing their activity 

by administering the SK channel agonist, 1-EBIO, protects CA1 pyramidal neurons against 

CA/CPR-induced cell death and enhances behavioral recovery (Allen et al., 2011). 

Moreover, synaptically evoked SK channel activity was absent for the first 24 hours 

following CA/CPR similar to that observed following LTP (Lin et al., 2008). Interestingly, 

the increased glutamatergic neurotransmission seen following CA/CPR-induced ischemia 

may also result in a form of LTP, ischemic LTP (iLTP). While the extent to which this iLTP 

mimics synaptically evoked LTP is unclear, both forms of potentiation are NMDAr-

dependent (Crepel et al., 1993; Di et al., 2008). Therefore, we examined the effects of CA/
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CPR-induced ischemia on the subsequent induction of synaptically evoked LTP and the role 

of SK channels in modulating these responses.

Materials and Methods

Experimental Animals

All experimental protocols were approved by the Institutional Animal Care and Use 

Committee and conformed to the National Institutes of Health guidelines for the care and 

use of animals in research. Adult (20–25g) male C57Bl/6 mice (Charles River Laboratory) 

were used for this study. All mice were housed in standard 12 hr light dark cycle with free 

access to food and water.

Cardiac Arrest and Cardiopulmonary Resuscitation Model (CA/CPR)

The experimental procedure was performed as described by our group previously (Kofler et 
al., 2004; Allen et al., 2011; Hutchens et al., 2011). Briefly, anesthesia was induced with 3% 

isoflurane and maintained with 1–1.5% isoflurane in oxygen-enriched air using a facemask. 

Temperature probes were placed into the left ear canal and the rectum to monitor brain and 

body temperature simultaneously. Rectal temperature was controlled at near 37°C during 

surgery. Mice were endotracheally intubated using a 22G intravenous catheter and 

connected to a mouse ventilator (Minivent, Hugh Sachs Elektronik, Germany). A PE-10 

catheter was inserted into the right jugular vein for drug administration. Electrocardiogram 

was monitored throughout the experimental procedure. Cardiac arrest (CA) was induced by 

the injection of 50 μl of 0.5 M KCl via the jugular catheter. The endotracheal tube was 

disconnected from the ventilator and anesthesia was stopped. During cardiac arrest, the body 

temperature was controlled above 35°C. Brain temperature was maintained at 37.5°C by a 

heated water-filled coil. Cardiopulmonary resuscitation (CPR) was begun 8 min after 

induction of CA by injection of 0.5–1.0 mL of epinephrine solution (16μg/mL in 0.9% 

saline), chest compressions at a rate of 300/min, and ventilation with 100% oxygen at a 

respiratory rate of 200/min. At the initiation of CPR, the body was rewarmed using a heat 

lamp and pad until 36.5°C. Cardiac compressions were stopped when spontaneous 

circulation was restored (ROSC), defined as electrocardiographic activity and visible cardiac 

contractions. EBIO (16 mg/kg) was administered ip 30min and 6 hrs after CPR. Catheter 

and temperature probes were removed and skin wounds closed, endotracheal tube removed 

and the mouse was returned to their housing cage on a circulating warm water blanket.

Hippocampal Slice preparation

Hippocampal slices were prepared from young adult male C57Bl/6 mice at varying times 

after recovery from CA/CPR. Animals were anesthetized with 3% isoflurane in an O2 

enriched chamber. Mice were decapitated and the brains quickly extracted and placed in ice-

cold (2–5 °C) oxygenated (95% O2/5% CO2) artificial cerebral spinal fluid (aCSF) 

composed of the following (in mmol/L): 125 NaCl, 2.5. KCl, 25 NaHCO3, 1.25 NaH2PO4, 

2.0 CaCl2, 1.0 MgCl2, 12 glucose). Transverse hippocampal slices (300 – 350 μm thick) 

were cut with a Vibratome 1000 (Leica) and transferred to a holding chamber containing 

ACSF for 1.5–2 hrs before recording.
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Electrophysiology

For synaptically evoked field potentials, hippocampal slices were placed on a temperature 

controlled (32±1 °C) interface chamber perfused with oxygenated aCSF at a rate of 1.5 ml/

min. Extracellular field recordings were performed by stimulating the Schaffer collaterals 

and recording the field excitatory post synaptic potential (fEPSP). fEPSPs were adjusted to 

50% of the maximum slope and test pulses were evoked at a rate of 0.05 Hz. Paired pulse 

responses (PPR) were recorded from the CA1 pyramidal cells using a 50 ms inter-pulse 

interval (20 Hz) and expressed as a ratio of the second pulse over the first pulse, P2/P1. A 20 

min stable baseline period was established before delivering a theta burst stimulation (TBS) 

train (4 pulses delivered at 100 Hz in 30 ms bursts, repeated ten (or 75) times with 200 ms 

inter-burst-intervals). Following TBS, the fEPSP was recorded for 60min. Analog fEPSPs 

were amplified (1000×) and filtered through a pre-amplifier (Grass Instruments, Model 

P511) at 0.03 Hz–1.0 kHz, digitized at 10 kHz and stored on computer for later off-line 

analyses. The derivative (dV/dT) of the initial 2–3 ms onset of the fEPSP was measured 

(fEPSP slope), and the amount of potentiation calculated as the percent change from 

baseline (the averaged 10 min slope value from 50–60 min post-TBS divided by the 

averaged slope value 10 min prior to TBS). For the time course graphs, normalized fEPSP 

slope values were averaged and plotted as the percent change from baseline and referenced 

to 100%.

For whole-cell voltage clamp and current clamp experiments, patch pipettes (2–3 MΩ) were 

filled with a solution containing (in mmol/L): 135 K-gluconate, 8 NaCl, 1 MgCl2, 10 

HEPES, 0.05 EGTA, 4 MgATP, 0.3 Na2GTP (and 10 phosphocreatine for current clamp 

experiments), pH 7.3. For voltage clamp experiments, series resistance was electronically 

compensated ≥ 70% (Axon MultiClamp 700B) and cells with series resistance changes of 

>20% during the recording were excluded. Cells were clamped at −60 mV and perfused 

with Mg2+-free aCSF containing picrotoxin (100 μm) and glycine (25 μm) prior to 

stimulating Shaffer collaterals to obtain mixed AMPAr and NMDAr EPSCs. Application of 

the AMPA-specific antagonist NBQX (10 μM) and the NMDA receptor specific antagonist 

D-APV (50 μM) were used to generate the AMPA/NMDA ratios. For current clamp 

experiments, no electronic series resistance compensation was performed. All recordings 

were from cells with a resting membrane potential between −75 and −55 mV and a stable 

input resistance and series resistance. A bias current was applied to maintain the membrane 

potential at −60 mV throughout all recordings. Excitatory post-synaptic potential (EPSPs) 

were recorded in whole-cell current clamp mode and presynaptic axons in the stratum 
radiatum were stimulated using a glass capillary pipette filled with ACSF connected to an 

Iso-Flex stimulus isolation unit. Stimulation was consistently done approximately 100 μm 

away from the cell being recorded. Picrotoxin (100 μm) and CGP 55845 (100 nM) was 

present to inhibit GABAA and GABAB receptor activity, respectively.

Quantitative Reverse Transcriptase-PCR (qPCR)

For quantitative PCR measurement of small conductance calcium-activated potassium (SK2) 

channel and NMDA receptor (NR1, 2a, 2b) transcripts, hippocampi were harvested at 

various times after CA/CPR. Total RNA was isolated using the RNAqueous-4 PCR kit 

(Ambion, Austin, TX, USA) per the manufacturer's instructions. Briefly, approximately 1–3 
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mg of tissue was lysed in lysis buffer and total RNA was isolated and eluted from a column 

with 50μL RNase-free elution buffer, and further treated with Turbo DNase (Ambion, 

Austin, TX, USA,). First strand cDNA was reverse transcribed from 500ng total RNA with 

High Capacity cDNA archive Kit (Applied Biosystems, Foster City, CA, USA). Real-time 

PCR reactions using SsoFast PCR mastermix was performed on BioRad CFX connect 

detection system in duplicate using 50ng cDNA. Primers used to detect SK2, NR1, NR2a, 

NR2b were synthesized by Invitrogen. The housekeeping gene 18s was also assayed for 

each sample using 5ng of cDNA. Cycle parameters used were 95°C for 10min followed by 

40 cycles of 95°C for 15s and 60°C for 30s. Expression levels were calculated as the ratio of 

the target gene to 18S.

Postsynaptic Densities Preparation

Hippocampi from all conditions were harvested, and postsynaptic densities were isolated as 

previously described (Davies et al., 2007; Davies et al., 2008). Whole hippocampi were 

homogenized in ice-cold homogenization buffer (1.2 mL per hippocampi) containing 320 

mM sucrose, 10 mM Tris (pH 7.4), 50 mM NaF, 10 mM EDTA, 10 mM EGTA and Roche 

complete protease inhibitor cocktail. Then the homogenate was spun at 1000×g for 10 

minutes and discarded the pellet (P1), which contains nuclei and incompletely homogenized 

cells. The supernatant (S1) was then spun at 10,000×g for 15 minutes. The pellet from this 

spin (P2) was resuspended in homogenization buffer containing 0.5% Triton X-100, 

homogenized with a motor pestle, incubated in 4 °C cold room for 20 minutes, and then 

spun at 32,000xg for 20 minutes. The pellet from this spin is the PSD-enriched fraction and 

was resuspended in homogenization buffer sonicated and boiled in 1%SDS, 1 mM EDTA, 

10 mM Tris (pH 8) for 5 min and stored at −20°C. All of the above spins were conducted at 

4°C to inhibit enzyme action.

Western Blot Analysis

The total protein content of PSD samples was measured by using a microplate bicinchoninic 

acid (BCA) assay (Thermo Scientific, Rockford, IL), and 2 μg protein from each fraction 

were resolved via electrophoresis on 7.5% SDS-PAGE gels for 1 hour at 150V. Protein was 

transferred to a polyvinylidene difluoride (PVDF) membrane for 1 hour at 100V, and 

incubated at room temperature with gentle rocking in 5% milk in Tris-buffered saline with 

Tween (TTBS: 140 mM NaCl, 20 mM Tris (pH 7.4), 0.1% Tween 20). Blots were incubated 

with anti-PSD-95 (1:2000 dilution in 1% milk, from Millipore, Billerica, MA), anti-NMDA 

receptor NR1-subunit (1:1000 in 1% milk, from Phosphosolutions, Aurora, CO), or anti-β-

actin (1:1000 in 1% milk, from Sigma-Aldrich, St. Louis, MO) overnight at 4 °C, washed 

five times for 5 minutes each in TTBS, followed by a 1 h incubation with a horseradish 

peroxidase-conjugated goat anti-mouse (1:4,000, from Thermo Scientific) for membranes 

treated with anti-PSD-95, anti- NMDA receptor NR1-subunit or anti-β-actin at room 

temperature. Blots were then washed in TTBS five times for 5 minutes each, and bands were 

detected using SuperSignal® chemiluminescent substrate kits (Thermo Scientific) and 

ChemiDoc™ MP Imaging System (Bio-Rad, Hercules, CA). Quantitation of Western blots 

was performed using Image Lab software version 4.0 (Bio-Rad).
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Statistical Analysis

All data are presented as mean±SEM. Statistical analysis of all data was determined using 

the Student's t-test for two group comparisons and one-way analysis of variance (ANOVA) 

and post-hoc Dunnett's test for comparison of multiple groups. Differences considered 

statistically significant with P<0.05.

Results

Ischemia occludes synaptically evoked LTP

To determine the effect of ischemia induced by CA/CPR on synaptically evoked LTP, 

extracellular field recordings of CA1 neurons were performed in acute hippocampal slices 

prepared at varying times following CA/CPR and compared to slices prepared from sham-

operated control mice. Hippocampal slices were placed on an interface chamber and the 

stimulating electrodes were positioned in the stratum radiatum, close to the CA1/CA3 

border, while the recording electrodes were placed in the dendritic area, thus recording 

Schaffer collateral to CA1 field excitatory postsynaptic potentials (fEPSPs). In sham control 

slices, a brief theta burst stimulation (40 pulse TBS) resulted in LTP that increased the 

fEPSP slope to 164 ± 9.8% (n=7, p < 0.05) of baseline after 60 min (Figure 1A, B). In 

contrast, recordings obtained during the acute recovery phase from CA/CPR (3, 24 hrs) 

demonstrated the absence of LTP (3 hrs: 115 ± 9.8% (n=9) and 24 hrs: 113 ± 8.5% (n=7), 

both p<0.05 compared to sham and not different than baseline; Figure 1A). This impairment 

in LTP caused by CA/CPR persisted for up to 30 days (Figure 1C). Thus, fEPSP after TBS 

was 106 ± 15.9% (n=4) at 7 days and 109 ± 13.9% (n=7) at 30 days (p<0.05 1-Way 

ANOVA compared to sham). Figure 1D shows the summary of these experiments, 

illustrating that CA/CPR causes reduced LTP at all time-points tested (P<0.05 with 1-Way 

ANOVA compared with sham controls). These results demonstrate that CA/CPR-induced 

ischemia significantly reduces LTP and this effect persists for at least 30 days after insult.

The effects of ischemia are postsynaptic

To determine whether ischemia alters presynaptic or postsynaptic functions we first 

examined paired-pulse ratio (PPR), a measure of presynaptic transmitter release probability, 

Pr (Debanne et al., 1996; Sudhof, 2004). Paired pulse responses were recorded from the 

CA1 pyramidal cells using a 50 ms inter-pulse interval (20 Hz) applied to the Shaffer 

collateral pathway. Figure 2A is a representative PPR trace from control CA1 cells, 

demonstrating increased amplitude of the second pulse. Minimal differences in PPR were 

observed, that likely are not physiologically relevant. Figure 2B shows that analysis of PPR 

showed small, but significant, reduction 3 hrs after CA/CPR compared to sham controls, 

1.40 ± 0.07 (n=7) in control versus 1.17 ± 0.06 in 3 hrs (n=6) mice (P < 0.05, 1-Way 

ANOVA). No differences (1-Way ANOVA compared to sham control) were observed at 

later time-points: 1.21 ± 0.02 (n=5) at 7 days and 1.30 ± 0.05 (n=7) at 30 days (Figure 2). 

These data suggest that changes in presynaptic glutamate release are unlikely to account for 

the impaired LTP observed after CA/CPR at delayed time points.

As a measure of CA3 axonal intrinsic excitability and synaptic transmission, input-output 

(IO) functions of fEPSP vs stimulation amplitude were established at the beginning of each 
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recording, prior to TBS. The slope of each recording was measured individually and 

compared to sham control slices. Figure 3 shows that analysis of IO at each time-point 

following CA/CPR revealed a small, but significant, transient increase in the IO slope at 7 

days (Figure 3B), which was not apparent in the acute phase (3 hrs) or the chronic phase, at 

30 days. The slope of control slices was 1.44 ± 0.05 (n=8) compared to 1.67 ± 0.09 (n=6) at 

3 hrs, 1.79 ± 0.11 (n=5; P<0.05) at 7 days and 1.47 ± 0.06 (n=8) at 30 days (1-Way ANOVA 

failed to show significant differences in any group compared to sham control slices).

Ischemia does not alter the NMDA receptor contribution to synaptic transmission

To determine whether the relative expression of functional NMDA receptors was altered by 

CA/CPR-induced ischemia, we used whole cell voltage-clamp recordings to determine the 

AMPA:NMDA current ratio from synaptically evoked EPSCs. CA1 pyramidal neurons were 

voltage clamped at −60 mV and synaptically evoked EPSCs were recorded in the absence of 

external Mg2+. Application of NBQX was used to determine the AMPA receptor 

contribution to EPSCs (Figure 4A-red traces), and the remaining current that was blocked by 

subsequent addition of D-AP5 (Figure 4A-blue traces) yielded the NMDA receptor 

component. The ratio was calculated as the NBQX sensitive current/D-AP5 sensitive 

current. The results show that the AMPA:NMDA ratio in sham control slices was 1.03 ± 

0.48 (n=6), 0.936 ± 0.27 (n=6, P>0.05 1-Way ANOVA compared to sham control) at 7 days 

and 1.04 ± 0.193 (n=7, P>0.05 1-Way ANOVA compared to sham control) in slices 

obtained from mice 30 days after CA/CPR (Figure 4C). These data indicate no changes in 

functional NMDA receptors relative to AMPA receptors following CA/CPR (1-Way 

ANOVA failed to show significant differences in any group compared to sham control 

slices). To determine whether the CA/CPR-induced deficit in LTP reflects reduced NMDA 

receptor expression we performed quantitative real-time RT-PCR on hippocampal tissue 

from sham, 7d and 30d post-CA/CPR mice. No significant change in NMDA receptor 

mRNA (GluN1, 2A and 2B) expression was observed (n=6 in sham and 5 in each CA/CPR 

group; P>0.05 using 1-Way ANOVA to compare sham to 7 and 30 days after CA/CPR for 

each subunit; Figure 4C). To confirm the lack of effect of CA/CPR on NMDA receptor 

expression during the chronic phase of recovery, synaptic NR1 levels were quantified using 

Western blot of synaptic membrane preparations obtained from the hippocampus of sham 

control animals and 7 or 30 days after recovery from CA/CPR. No significant change in 

NR1 protein (NR1/PSD95 ratio), was observed, 2.64±0.23 (n=6) in sham compared to 

3.55±0.28 (n=6) in 7 day and 3.30±0.64 (n=6) in 30 day (P>0.05, 1-Way ANOVA 

compared to sham control)

Ischemia impairs SK2 channel dependent plasticity

To determine whether ischemia altered the SK2 channel effect on LTP, the SK channel 

blocker, apamin (100 nM) was applied prior to TBS. In slices from sham controls, LTP was 

significantly increased in the presence of apamin with the fEPSP slope increasing to 219 ± 

18.7% (n=6; P<0.05) in apamin, compared to 164 ± 9.8% (n=7) of baseline under control 

conditions (Figure 5A,B). In striking contrast, Figure 5B–D illustrates the complete lack of 

effect of apamin on the magnitude of TBS-induced LTP following CA/CPR (110 ± 8.9% 

(n=5; P=0.77, Student's t-test compared to CA/CPR at 3 hrs) at 3 hrs; 111 ± 5.3% (n=5; 

P=0.86, Student's t-test compared to CA/CPR at 24 hrs) at 24 hrs; 108 ± 7.8% (n=6; P=0.91, 
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Student's t-test compared to CA/CPR at 7 days) at 7 days; 112 ± 17.7% (n=6; P=0.92, 

Student's t-test compared to CA/CPR at 30 days) at 30 days).

Quantitative real-time RT-PCR demonstrates that CA/CPR results in a significant loss in 

expression of SK2 mRNA at 24 hrs, 7 days and 30 days, reducing to 53±6% (n=4; P<0.05 1-

Way ANOVA compared to control), 66±8% (n=5; P<0.05 1-Way ANOVA compared to 

control) and 60±11% (n=5; P<0.05 1-Way ANOVA compared to control) of sham control 

levels, respectively (Figure 6A), indicating the possibility that the inability of apamin to 

enhance LTP in post-ischemic cells is due in part to loss of SK2 channel expression. To 

determine whether ischemia causes prolonged changes in synaptic SK channel activity, 

whole-cell current clamp recordings were obtained from acute hippocampal slices at 7 or 30 

days after CA/CPR and compared to sham-operated control mice. As described previously 

(Allen et al., 2011), subthreshold EPSPs were stimulated every 20 seconds and after 

obtaining a 5 minute stable baseline, apamin (100 nM) was applied and the amplitude of 

EPSP was analyzed after 30 minutes. In sham control mice, apamin increased the amplitude 

of EPSP by 116±32% (n=6) of baseline (n=6, P<0.05 compared to baseline) (Figure 6B and 

6C). In contrast, the effect of apamin was significantly reduced at both 7 days and 30 days 

after CA/CPR, increasing the EPSP by 14±19% (n=6, P>0.05 1-Way ANOVA compared to 

control) and 31±14% (n=9, P>0.05 1-Way ANOVA compared to control), respectively. 

These data demonstrate that global ischemia induced by CA/CPR results in a sustained 

reduction of synaptic SK channel function. To assess the possibility that CA/CPR causes a 

decrease in Ca2+-sensitivity during the induction of LTP, we increased the intensity of TBS 

stimuli from 40 pulses to 300. In sham control slices we observed that this increased 

stimulus intensity increase the magnitude of LTP; 218 ± 17.7% (n=5) compared to 164 ± 

9.8% (n=7; P=0.016 Student's t-test) using 40 pulse TBS stimulus. However, increased 

stimulus intensity does not reveal LTP in slices from mice 30 days after CA/CPR, 83.5 ± 

4.3% (n=4; P=0.20 Student's t-test compared to CA/CPR at 30 days; Figure 7C).

Increasing SK channel activity prevents the ischemia-induced occlusion of LTP

Previously, we showed that systemic administration of the SK channel agonist, 1-EBIO, to 

mice following CA/CPR protects CA1 neurons from ischemia-induced excitotoxic cell death 

by preserving synaptic SK2 channel activity (Allen et al., 2011). To test whether 1-EBIO 

treatment would also prevent ischemia-induced loss of LTP, 1-EBIO (16 mg/kg, ip 

injection) was administered to mice 30 min after CA/CPR, with a second, boosting dose 

administered 6 hrs after CA/CPR. Figure 7A illustrates that using this regimen, 1-EBIO 

provided sustained protection against ischemia-induced loss of LTP in CA1 pyramidal cells 

when assessed 30 days after CA/CPR, with the fEPSP slope increasing to 157 ± 8.0% (n=6; 

P=0.017 Student's t-test compared to CA/CPR at 30 days). Interestingly, while 1-EBIO 

administration preserved TBS-induced LTP 30 days after CA/CPR, apamin no longer 

increased the magnitude of LTP (Figure 7B, D). Consistent with the lack of apamin effect on 

LTP in 1-EBIO treated mice, the effect of apamin on EPSP amplitude was lost in mice 

treated with 1-EBIO and current clamp recordings performed 30 days after CA/CPR, apamin 

only increased EPSP amplitude by 3.5±9.3% (n=7, P=0.047 Student's t-test compared to 

controls) (Figure 7E).
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Discussion

The results presented here show that global cerebral ischemia induced by cardiac arrest and 

cardiopulmonary resuscitation (CA/CPR) causes impairment in long-term potentiation 

within 3 hours of resuscitation that is sustained for at least 30 days in the CA1 region of the 

hippocampus. Our data further shows that SK2 channel activity is lost at all time-points 

analyzed following CA/CPR, as inhibition of SK channels with apamin failed to enhance 

LTP or EPSP amplitude. In contrast, treatment of mice 30 minutes after CA/CPR with the 

SK2 agonist 1-EBIO prevented the CA/CPR-induced loss of synaptic plasticity observed 30 

days after CA/CPR. Finally, CA/CPR-induced loss of LTP appears to be post-synaptic, 

however is not associated with loss of NMDAr function, implicating alternative mechanisms 

for ischemia-induced impairments.

We observe rapid and sustained loss of synaptic plasticity (LTP) in the CA1 synapses of 

mice following cardiac arrest-induced cerebral ischemia, consistent with the extensive 

literature indicating that global cerebral ischemia causes selective CA1 injury. Data remains 

unclear regarding the effects of global cerebral ischemia on hippocampal synaptic plasticity, 

with studies demonstrating no impairment (Li et al., 2013) and several studies reporting 

impaired LTP during the first week following global ischemia (Mori et al., 1998; Gillardon 

et al., 1999; Kiprianova et al., 1999; Dai et al., 2007; Nagy et al., 2011). Our data is 

consistent with the large number of reports demonstrating deficits in synaptic plasticity 

following global cerebral ischemia and provides important new information regarding the 

timing of onset and duration of impaired synaptic plasticity. We observed a deficit in LTP 

remarkably early (within 3 hours) that is sustained for the duration of our study (30 days). It 

is likely that the sustained impairment in LTP observed in our study contributes to cognitive 

deficits observed following global cerebral ischemia, as we and others have demonstrated 

(Kofler et al., 2004; Allen et al., 2011). The mechanism of ischemia-induced loss of LTP 

remains unknown, although several studies have implicated loss of NMDA receptor 

expression and function (Zhang et al., 1997; Hsu et al., 1998; Dos-Anjos et al., 2009; Liu et 
al., 2010). However, unlike previous studies, our data demonstrates the presence of 

functional NMDA receptors 7 and 30 days after CA/CPR. It is not clear why our study fails 

to observe ischemia-induced loss of NMDA receptors. One possibility is that few studies 

have utilized patch-clamp electrophysiology to directly measure NMDA receptor current, 

thereby previous studies have interpreted decreased protein or mRNA levels as loss of 

function. We used synaptic membrane preparations to quantify possible ischemia-induced 

changes in NMDA receptor function, unlike more commonly used whole brain protein 

preparations. Additionally, we utilize the novel mouse model of CA/CPR to induce global 

cerebral ischemia, which is likely different than the more commonly used model of 

occlusion of vessels in the brain. An alternative possibility to explain the CA/CPR-induced 

loss of LTP in the presence of functional NMDA receptors would be decreased calcium-

sensitivity of the various signaling cascades engaged to induce and sustain LTP. For 

example, decreased expression or activation of CaMKII, MAPK, proteases, among others 

(Lisman et al., 2002; MacDonald et al., 2006; Rosenkranz et al., 2009; Sanhueza & Lisman, 

2013), would result in impaired LTP, regardless of NMDA receptor activity. While our data 

does not completely resolve this possibility, our experiments using increased stimulus 
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intensity imply that increasing calcium influx is not sufficient to rescue LTP, implicating 

changes in the signaling cascade downstream of NMDA receptor activation.

In vitro ischemia causes synaptic potentiation (iLTP) that mimics many of the features of 

physiological LTP utilized in the current study (Crepel et al., 1993; Di et al., 2008). It is 

likely therefore that following our in vivo model of CA/CPR-induced ischemia causes iLTP 

in the injured hippocampus. Indeed, the loss of LTP observed within 3 hours of CA/CPR is 

consistent with the rapid onset of iLTP observed in vitro. Similarly, our previous study 

demonstrated rapid internalization of SK2 channels in CA1 synapses following CA/CPR, 

similar to that observed following synaptically evoked LTP (Lin et al., 2008; Lin et al., 
2010) again consistent with iLTP. The presence of iLTP is likely to occlude further 

potentiation and thus would represent a mechanism of CA/CPR-induced loss of synaptic 

plasticity. However, it is unclear whether iLTP would be maintained for the extended 

duration of the current study (30 days). Further studies are needed to confirm the induction 

of iLTP following CA/CPR and to resolve the mechanism of ischemia-induced impairment 

of synaptic plasticity in the hippocampus.

We observed that neuroprotective doses of 1-EBIO prevented CA/CPR-induced loss of 

synaptic plasticity, leading to the prediction that 1-EBIO treatment would result in improved 

functional recovery. Indeed, we previously reported that 1-EBIO improves performance 

following CA/CPR in the hippocampal-dependent task novel object recognition compared to 

vehicle treated mice (Allen et al., 2011). Therefore, our data indicates that in addition to 

direct neuroprotection, rescue of synaptic function is an important therapeutic target to 

improve long term functional recovery. The mechanism of 1-EBIO protection of synaptic 

function is unclear. One likely mechanism would be to prevent the ischemia-induced loss of 

SK2 channels, as observed in the acute phase following CA/CPR in our previous study 

(Allen et al., 2011). However, our data does not indicate sustained SK2 channel function at 

30 days after resuscitation. Recordings from the hippocampus of mice treated with 1-EBIO 

30 minutes after CA/CPR showed intact LTP that was not further increased with the SK2 

channel inhibitor apamin, in contrast to control mice which exhibited increased LTP in the 

presence of apamin. Similarly, we found that apamin failed to increase EPSP amplitude in 

acute brain slices obtained from 1-EBIO treated mice 30 days after CA/CPR, indicating loss 

of functional SK channels. Coupled with our previous observation that 1-EBIO treatment 

prevents acute SK2 internalization following ischemia, this data implicates additional 

mechanisms that result in the loss of SK channels in the later, chronic phase of recovery 

following CA/CPR. Further, these data provide evidence for separate mechanisms regulating 

synaptic SK channel function and synaptic plasticity following cerebral ischemia.

In conclusion, the current study has thoroughly characterized the effects of CA/CPR on 

hippocampal synaptic plasticity, demonstrating a rapid and sustained impairment. Further, 

the ability of the SK2 agonist 1-EBIO to prevent CA/CPR-induced plasticity impairment 

was observed and demonstrates a role for these channels in neuroprotection and sustained 

functional benefits. The CA/CPR-induced loss of synaptic plasticity is not due to reduced 

NMDA receptor function or obvious perturbations in pre-synaptic neurotransmitter release. 

As such, the current study provides important insights into the kinetics of ischemia-induced 
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synaptic changes and begins to reveal mechanisms that may be targeted to prevent 

impairments.
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Figure 1. 
Ischemia impairs synaptic plasticity in the hippocampus. A) Example fEPSPs from sham 

operated control and 30 day after CA/CPR mice before (black) and after (grey) TBS. B) 

Time course of fEPSP slope (mean ± SEM) from sham (solid circles) and mice 3 hrs (open 

circles) or 24 hrs (solid squares) after cardiac arrest and cardiopulmonary resuscitation (CA/

CPR). Arrow indicates timing of theta burst stimulus (TBS; 40 pulses). C) Time course of 

fEPSP slope (mean ± SEM) from sham (solid circles) and mice 7 days (open circles) or 30 

days (solid squares) after cardiac arrest and cardiopulmonary resuscitation (CA/CPR). 

Arrow indicates timing of theta burst stimulus (TBS; 40 pulses) D) Quantification of change 

in fEPSP slope following TBS. Average fEPSP slope (mean ± SEM) 60 minutes after TBS 

(in grey box in B normalized to baseline (black box in B). * P < 0.05 compared to sham 

controls.
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Figure 2. 
CA/CPR does not affect the probability of release. A) Example traces illustrating increased 

amplitude and slope of fEPSP following a second stimulus administered 50 ms after the 

first. B) Quantification of paired-pulse ratio of sham control mice and at each time point 

after CA/CPR. * P < 0.05 compared to sham control. Data presented as mean ± SEM.
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Figure 3. 
CA/CPR transiently increases slope of input-output curve (IO). A) Normalized fEPSP slope 

is plotted against stimulus intensity (fEPSP slope normalized to max of each recording). B) 

Expanded view showing increased slope at 7 days after CA/CPR compared to sham 

controls. No difference in IO slope was observed at 3 hrs or 30 days after CA/CPR.
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Figure 4. 
Ischemia does not alter AMPA/NMDA ratio. A) Representative EPSCs from sham control. 

Application of NBQX (red trace) inhibits the AMPA component of the initial EPSC (black 

trace). Subsequent application of D-APV inhibits to remaining NMDA component (blue 

trace). B) Quantification of AMPA to NMDA ratio for all cells recorded demonstrates no 

difference of CA/CPR. C) Quantification of mRNA expression of the 3 predominant 

isoforms of NMDA receptor expressed in the hippocampus, GluN1, 2A and 2B. D) 

Representative Western blot analysis of NR1, PSD95 and β-actin in synaptic membrane 

preparations from hippocampi obtained at either 7 or 30 days after CA/CPR, or sham control 

mice. Quantification (bottom) of NR1:PSD95 ratio shows not changes in response to CA/

CPR. Data presented as mean ± SEM.
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Figure 5. 
Ischemia impairs SK2 channel dependent plasticity. A) Example fEPSPs from sham 

operated control and 30 days after CA/CPR mice in the presence of apamin before (black) 

and after (grey) TBS. B) Time course of fEPSP slope (mean ± SEM) from sham mice under 

control conditions (solid circles) and in the presence of 100 nM apamin (diamonds). Time 

course of fEPSP slope recorded in the presence of 100 nM apamin from mice 3 hrs (open 

squares) or 24 hrs (solid squares) after cardiac arrest and cardiopulmonary resuscitation 

(CA/CPR). Arrow indicates timing of theta burst stimulus (TBS; 40 pulses). C) Time course 

of fEPSP slope (mean ± SEM) from sham (solid circles) and in the presence of apamin in 

sham (diamond), mice 7 days (open squares) or 30 days (solid squares) after cardiac arrest 

and cardiopulmonary resuscitation (CA/CPR). Arrow indicates timing of theta burst 

stimulus (TBS; 40 pulses) CD) Quantification of change in fEPSP slope following TBS. 

Average fEPSP slope (mean ± SEM) 60 minutes after TBS (in grey box in B normalized to 

baseline (black box in B). * P < 0.05 compared to sham controls.
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Figure 6. 
Ischemia causes sustained loss of synaptic SK channel activity in CA1 neurons. A) 

Quantification of mRNA expression of the SK2 channels at 24 hr, 7 and 30 days after CA/

CPR. B) Time course of EPSP amplitude (mean ± SEM) from sham control mice and 7 days 

after CA/CPR before (black rectangle) and after (grey rectangle) a 30 minute application of 

100 nM apamin. C) Quantification of the effect of apamin on EPSP amplitude. EPSP 

amplitude 30 minutes after application of apamin (grey square in B) normalized to baseline 

(black square in B). Example EPSPs from sham operated (D), 7 days after CA/CPR (E) and 

30 days after CA/CPR (F) before (black) and after (red) application of apamin. *P<0.05 

compared with sham controls and data presented as mean ± SEM.
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Figure 7. 
1EBIO prevents CA/CPR loss of SK2 channel activity in synaptic plasticity. A) Time course 

of fEPSP slope (mean ± SEM) from sham (solid circles) and mice 30 days (open circles) 

after cardiac arrest and cardiopulmonary resuscitation (CA/CPR) and mice treated with 1-

EBIO early after CA/CPR and time course recorded 30 days later (solid square). Arrow 

indicates timing of theta burst stimulus (TBS; 40 pulses). B) Time course of fEPSP slope 

(mean ± SEM) from 1-EBIO treated mice 30 days after CA/CPR in the presence (open 

square) and absence (solid square) of 100 nM apamin. Arrow indicates timing of theta burst 

stimuls (TBS; 40 pulses) C) Time course of fEPSP slope (mean ± SEM) from sham control 

mice stimulated with standard 40 pulse TBS (solid circle) or 300 pulse TBS stimulus (open 

square) and mice 30 days after CA/CPR stimulated with 300 pulse TBS. Arrow indicates 

timing of theta burst stimulus (TBS; 40 or 300 pulses) D) Quantification of change in fEPSP 

slope following TBS. Average fEPSP slope (mean ± SEM) 60 minutes after TBS (in grey 

box in A normalized to baseline (black box in A). * P < 0.05. E) Time course of EPSP 

amplitude (mean ± SEM) from sham control mice and 30 days after CA/CPR mice treated 

with 1-EBIO before (black rectangle) and after (grey rectangle) a 30 minute application of 

100 nM apamin. F) Quantification of the effect of apamin on EPSP amplitude. EPSP 

amplitude 30 minutes after application of apamin (grey square in E) normalized to baseline 

(black square in E).
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