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a b s t r a c t

Although a number of experimental and clinical studies have shown that hypoxia typically accompanies
acute inflammatory responses, the combinatorial effect of the two insults on basic neural function has
not been thoroughly investigated. Previous studies have predominantly suggested that hypoxia reduces
network activity; however, several studies suggest the opposite effect. Of note, inflammation is known to
increase neural activity. In the current study, we examined the effects of limited oxygen in combination
with an inflammatory stimulus, as well as the effects of reoxygenation, on synaptic transmission and
excitability. We observed a significant reduction of both synaptic transmission and excitability when
hypoxia and inflammation occurred in combination, whereas reoxygenation caused hyperexcitability of
neurons. Further, we found that the observed reduction in synaptic transmission was due to compro-
mised presynaptic release efficiency based on an adenosine-receptoredependent increase in synaptic
facilitation. Excitability changes in both directions were attributable to dynamic regulation of the
hyperpolarization-activated cation current (Ih) and to changes in the input resistance and the voltage
difference between resting membrane potential and action potential threshold. We found that zate-
bradine, an Ih current inhibitor, reduced the fluctuation in excitability, suggesting that it may have po-
tential as a drug to ameliorate reperfusion brain injury.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Sufficient oxygen supply is necessary for appropriate brain
functions, such as consciousness, voluntary movement, and higher-
level brain function (Gao et al., 2014; Tzour et al., 2017; Lennox
et al., 1935; Rossen et al., 1943; Sugar and Gerard, 1938). Howev-
er, despite numerous studies on the mechanisms of cell death
resulting from the effects of the hypoxia (Pfisterer and
Khodosevich, 2017; Walton et al., 1999), the impact of these path-
ophysiological conditions on basic neural functions, such as syn-
aptic transmission and excitability, remains rather controversial
(Doolette and Kerr, 1995; Fujiwara et al., 1987; Zanelli et al., 2015).
In addition, the physiological mechanisms by which brain damage
is exacerbated during subsequent restoration of oxygen supply are
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still unclear (The NINDS t-PA Stroke Study Group, 1997).
Neuroinflammation is one of the most common phenomena in

many neurological disorders (Block and Hong, 2005), including
epilepsy (Vezzani, 2014); degenerative diseases, such as Alz-
heimer's disease (Remarque et al., 2001), Parkinson's disease
(Kannarkat et al., 2013), multiple sclerosis (Centonze et al., 2009),
and Huntington's disease (Zoghbi, 2006); and traumatic brain
injury (Makinde et al., 2017; Webster et al., 2017). In particular, in
hypoxia, the activity of the oxygen-sensing enzyme prolylhydrox-
ylase (PHD) is inhibited by decreased oxygen availability (Kaelin
and Ratcliffe, 2008), which in turn increases the stability of tran-
scription factors, such as hypoxia-inducible factor (HIF) and nuclear
factorekB (NF-kB), that regulate inflammation (Eltzschig and
Carmeliet, 2011; Eltzschig and Eckle, 2011; Taylor, 2008). Conse-
quently, hypoxia increases inflammatory responses. In fact, even
brief (5e10min) and focal ischemic insults have been shown to
induce inflammatory responses (Gelderblom et al., 2009; Zhan
et al., 2010). On the other hand, accumulating lines of evidence
have suggested that such inflammatory responses, in turn, alter the
blood-brain barrier (BBB) in disruptive and non-disruptive
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Abbreviations

Ih Hyperpolarization-activated cation current
PHD Prolylhydroxylase
HIF Hypoxia-inducible factor
NF-kB Nuclear factorekB
BBB Blood-brain barrier
LPS Lipopolysaccharide
TNF-a Tumor-necrosis factor-alpha
SD Interleukin-1 beta (IL-1b) Sprague-Dawley
aCSF Artificial cerebrospinal fluid
IR-DIC Infrared differential interference contrast
Hypo-Inf Hypoxia with inflammation
EPSCs Excitatory postsynaptic currents
TTX Tetrodotoxin
AP Action potential
RRP Readily releasable pool

DPCPX 8-Cyclopentyl-1,3-dipropylxanthine
VGCC Voltage-gated Ca2þ channel
mEPSC Miniature EPSC
AMPA a-amino-3-hydroxy-5-methly-4-isoxazolepropioic

acid
NMDA N-methyl-D-aspartate
AMPARs AMPA receptors
EPSCAMPA EPSC mediated by AMPA receptors
EPSCNMDA EPSC mediated by NMDA receptors
RMP Resting membrane potential
Rin Input resistance
D; Vthresh Voltage difference between the RMP and AP

threshold
ISI Inter-spike intervals
HCN channel Hyperpolarization-activated cyclic nucleotide-

gated channel
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manners (Varatharaj and Galea, 2017). Further, hypoxia often oc-
curs with the reduced cerebral blood flow that accompanies many
inflammatory brain states, such as neurodegeneration (Peers et al.,
2009).

Studies show that ischemic hypoxia decreases synaptic trans-
mission and excitability in CA1 pyramidal neurons in vivo and
in vitro (Boissard and Gribkoff, 1993; Fujiwara et al., 1987; Fujimura
et al., 1997; Chi and Xu, 2000; Lipton and Whittingham, 1982). In
contrast, studies have indicated that neuroinflammation enhances
neuronal network activity (Gao et al., 2014; Pickering et al., 2005;
Tancredi et al., 1992; Tzour et al., 2017). In fact, neuroinflammation
induced by lipopolysaccharide (LPS) application to hippocampal
brain slices reduced the Kv7-dependent potassium current,
resulting in increased excitability (Tzour et al., 2017). Further, pro-
inflammatory cytokines alter gating properties of voltage-gated ion
channels, leading to hyperexcitability (for review Vezzani and
Viviani, 2015), and reduced release of pro-inflammatory cytokine
interleukin-1 beta (IL-1b) decreases acute seizure activity (Ravizza
et al., 2006). Inflammation has also been shown to contribute to
increased excitatory synaptic transmission. In particular, the
proinflammatory cytokine tumor-necrosis factor-alpha (TNF-a) has
been shown to increase excitatory but not inhibitory synaptic
transmission by increasing the number of a-amino-3-hydroxy-5-
methly-4-isoxazolepropioic acid (AMPA) receptors at synapses
(Beattie et al., 2002; Stellwagen, 2005; Tancredi et al., 1992;
Pickering et al., 2005). Moreover, proinflammatory cytokines slow
AMPA receptor closure (Centonze et al., 2009, 2010) and increase
the Ca2þ permeability of N-methyl-D-aspartate (NMDA) receptors
(Viviani et al., 2003), which collectively causes greater depolariza-
tion upon synaptic transmission. Therefore, an evaluation of the
combined effects of hypoxia and inflammation is still needed to
enable estimation of the true net effect of ischemic hypoxia on
neuronal functions.

In addition to the initial damage a limited oxygen supply causes
to brain tissue, further damage occurs upon reoxygenation (Choi,
1988; Eltzschig and Eckle, 2011; Sanderson et al., 2013; Zhang
and Murphy, 2007). Studies suggest that reperfusion-induced
cellular injury is mediated by an abrupt increase in the intracel-
lular Ca2þ concentration and excitability of neurons (Choi, 1985;
Doolette and Kerr, 1995; Fan et al., 2008; Noh et al., 2005; Yellon
and Hausenloy, 2007). However, the precise causal mechanism of
this hyperexcitability remains elusive, which obstructs develop-
ment of protective measures that can be put in place before
reperfusion to prevent further brain damage.
In the present study, we examined the net effect of simulta-
neous hypoxia and inflammation and of reoxygenation on excit-
atory synaptic transmission and excitability.

2. Methods

2.1. Slice preparation

Acute hippocampal slices were prepared from Sprague-Dawley
(SD) rats aged 12e21 postnatal days (n¼ 64) and ~8e9 weeks
(young adult) (n¼ 10). All animal care and treatment protocols
were approved by the Animal Care and Use Committee of the Korea
Brain Research Institute. Rats were decapitated after euthanasia
with CO2; subsequently, the brains were rapidly removed and
placed in an ice-cold artificial cerebrospinal fluid (aCSF) solution of
the following composition (in mM): 119 NaCl, 2.5 KCl, 26 NaHCO3,
1.25 NaH2PO4, 20 glucose, 2 CaCl2, 1 MgSO4, 0.4 ascorbic acid, and 2
pyruvic acid. Coronal slices (300 mm) were prepared using a
vibratome (Leica, Germany) and were incubated at 32 �C for at least
30min. During preparation of acute slices, the solution was
oxygenated with 95% O2 and 5% CO2.

2.2. Electrophysiological recordings

The acute hippocampal slices were transferred to a submerged
recording chamber with a continuous flow of aCSF saturated with
carbogen (95% O2, 5% CO2) for whole-cell patch-clamp recordings.
Slices were visualized by infrared differential interference contrast
(IR-DIC) microscopy using a BX51WI upright microscope (Olympus,
Japan) through a water-immersed 40� objective lens (numerical
aperture 0.8). Patch electrodes with 3e5MU tip resistances were
prepared using a pipette puller (Shutter Instrument, USA) and filled
with an internal solution as follows. For the current clamp exper-
iment, we used an internal solution containing (in mM) 20 KCl,
125 K-gluconate, 10 HEPES, 4 NaCl, 0.5 EGTA, 4 ATP, 0.3 TrisGTP, and
10 phosphocreatine (pH 7.2, ~290e300 mOsm); for the voltage
clamping experiment, we used an internal solution containing (in
mM) 135 CsMS, 0.2 EGTA, 10 HEPES, 0.9 MgCl2, 10 Tetraethy-
lammonium Chloride (TEA-Cl), 0.9 Mg2þ ATP, 0.3 Naþ GTP, 20
phosphocreatine (pH 7.2, ~290e300mOsm), and 100 mMPicrotoxin
in the bath.

2.2.1. Synaptic transmission
To evoke synaptic activity in the Schaffer collateral pathway, we
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electrically stimulated (0.2 Hz for basal transmission and 10Hz for
short-term plasticity measurement) with a stimulation electrode
placed in the CA1 stratum radiatum. To maintain recording quality
during hypoxia with inflammation (Hypo-Inf) and reperfusion,
small voltage steps (�5mV, 100ms) were applied periodically to
measure the seal resistance, and recordings were discarded if the
seal resistance was changed by >30% from the initial measurement.
To establish the relationship between the paired-pulse ratio and
the size of excitatory postsynaptic currents (EPSCs), two consecu-
tive stimuli were delivered with 100ms intervals every 5 s during
Hypo-Inf and reperfusion.

To measure spontaneous synaptic transmission, neurons were
voltage clamped at �70mV in the presence of 0.5 mM tetrodotoxin
(TTX). The paired-pulse ratio throughout the course of hypoxia and
reoxygenation was measured using two consecutive stimuli deliv-
ered 100ms apart and was calculated as the ratio of the EPSC
amplitude produced by the second stimulus to that produced by
the first stimulus.

2.2.2. Excitability
To measure the excitabilities of hippocampal CA1 neurons,

various current pulses (�200 to 200 pA) were injected for 600ms
each through recording pipettes, and the resulting changes in
membrane potential were assessed. Subthreshold excitabilities
were monitored by observing voltage sags that are typically
generated by activation of Ih channels, and suprathreshold excit-
abilities were monitored by measuring repetitive action potential
(AP) frequencies and AP threshold during injection of positive-
current pulses.

All electrophysiological data were recorded using an Axopatch
700B amplifier (Molecular Devices, Foster City, CA), and command
pulse generation was performed using Digidata 1550A (Molecular
Devices, Foster City, CA).

2.2.3. Hypoxia with inflammation (Hypo-Inf)
Hypo-Inf was stimulated by perfusion with 10 mg/ml LPS con-

taining aCSF saturated with 8% O2, 5% CO2, and 87% N2. Once EPSCs
or excitability was stabilized (~15e20min), the perfusion solution
was changed back to normally oxygenated aCSF (95% O2 and 5%
CO2) to examine the effects of reoxygenation.

2.3. Data analysis and statistics

Data acquisition and analysis were performed using Clampfit
10.4 (Axon Instruments, Foster City, CA) and AxoGraph X (Axo-
Graph, Canberra, Australia). IGOR Pro software (Wavemetrics, Lake
Oswego, OR), Matlab (Mathworks, Natick, MA), or MS Excel
(Microsoft, Redmond, WA) software were used for further data
analysis and to determine statistical significance. The relationship
between the paired-pulse ratio and the initial amplitude of EPSCs
was described as a quadratic polynomial curve using a fit function,
and 95% prediction intervals were calculated using the predint
function in Matlab (Mathworks, Natick, MA). Template-matching
event detection was used to detect mEPSCs. Events with slow
activation (tactivation >2ms) and wide half-widths (>10ms) were
removed from statistical analysis.

For statistical analysis of EPSCs, we used the Wilcoxon Signed
Rank test, paired t-test, or Smirnov-Kolmogorov test. Statistical
significance of neuronal excitabilities (frequency, resting mem-
brane potential, threshold, etc.) were examined using the paired t-
test. Statistical significance of the effects of zatebradine on hypoxia
and reoxygenation was tested using the paired t-test, two-way
ANOVA, or one-way ANOVA, as indicated in the figure legends. In
all cases, significance was accepted for p values< 0.05, and p
values< 0.01 or <0.001 are indicated on the data plots. Error bars in
all figures indicate standard error unless noted otherwise.

3. Results

Hypoxia and inflammation are known to be mutually inducible
(Huang et al., 2006; Iadecola et al., 2004; Zlokovic, 2011). However,
few studies have examined the net effect of the two insults on basic
neural function (Batti and O'Connor, 2010; Mukandala et al., 2016;
Zhang et al., 2014). Thus, in the present study, we aimed to evaluate
the net effect of the combined insults of hypoxiawith inflammation
and of reoxygenation on synaptic transmission and excitability.

We first examined the combinatorial effect of hypoxia and
inflammation on basal synaptic transmission. CA1 pyramidal neu-
rons in the hippocampus were voltage clamped at �70mV, while
synaptic transmission was elicited by electrical stimulation of
Schaffer collateral axons at the stratum radiatum. After establishing
a stable baseline of EPSCs, we applied LPS (10 mg/ml) in hypoxic
aCSF (aCSF saturated with 8% O2 instead of 95%; this combination is
denoted as Hypo-Inf, hereafter). This dose of LPS has previously
been shown to increase excitatory synaptic transmission and
excitability through acutely increased inflammatory cytokines and
inhibition of Kv7/M channels (Gao et al., 2014; Tzour et al., 2017). As
shown previously (Zhang et al., 2014), we found that the amplitude
of EPSCs was reduced by 81.6± 2.0% and reached a plateau within
~10min (Fig. 1). EPSC amplitude recovered to the control level
~10min after reoxygenation (Fig. 1).

Reduction of synaptic transmission could be due to at least three
phenomena: (1) reduced neurotransmitter-release efficiency, (2)
decreased number of AMPA receptors at the postsynaptic density,
and/or (3) decreased excitability of neurons; in the last case, elec-
trical stimulation of the same strength would cause fewer APs,
thereby evoking reduced synaptic transmission. To differentiate
between these possible mechanisms, we first examined the effects
of Hypo-Inf on presynaptic neurotransmitter-release efficiency.

3.1. Reversible reduction in presynaptic release efficiency by Hypo-
Inf

We first analyzed short-term synaptic plasticity to determine if
the reduced synaptic transmission originated from presynaptic
release efficiency (Fig. 2 and Supplementary Fig. 1). Short-term
plasticity represents the balance between synaptic facilitation by
residual Ca2þ at the synaptic nanodomain and depression by
depletion of the readily releasable pool (RRP) of synaptic vesicles
(Schneggenburger and Rosenmund, 2015; Regehr, 2012). If Hypo-
Inf decreases the release probability, a slower depletion of the
RRP would be expected, thereby resulting in a more pronounced
facilitation during tetanic stimulation. Alternatively, if the reduced
EPSC was due to postsynaptic factors, no change of short-term
plasticity would be expected. Short-term synaptic plasticity dur-
ing 10 Hz tetanic stimuli was examined both under the control
condition and under the Hypo-Inf condition (Fig. 2). Under the
control condition EPSCs were facilitated by ~2e3 stimuli, then
reduced steadily, in corroboration with previous reports (Jackman
et al., 2016); in contrast, we observed dramatically enhanced syn-
aptic facilitation with minimal depression in the presence of the
Hypo-Inf insult (Fig. 2A and B). EPSCs under Hypo-Inf were facili-
tated for the initial ~5e7 stimuli, and maximum facilitation was
significantly greater than that under the control condition (Fig. 2A
and B). Cumulative normalized EPSCs during tetanic stimulation
illustrated the difference more dramatically (Supplementary Fig. 1).

To rule out the possibility that this altered short-term plasticity
profile may have been due to a reduced signal-to-noise ratio, we
measured the short-term plasticity with increased stimulation
strength. For this, once the EPSC was stabilized in the presence of
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Fig. 1. Hypo-Inf-induced decrease of basal synaptic transmission. (A) Normalized
EPSC during Hypo-Inf and reoxygenation. Perfusion of aCSF with LPS (10 mg/ml)
saturated with reduced oxygen concentration (8% O2) decreased synaptic EPSCs by
81.6± 2.98%. The depression was fully reversed after reperfusion with normal aCSF
(saturated with 95% O2). (B) Sample traces were taken from three averaged points:
control (black), Hypo-Inf (red), and reoxygenation (gray). Scale bars represent 10 pA
and 10 ms (C and D). Mean EPSC amplitudes and charges measured during control,
Hypo-Inf, and Reoxygenation (**p< 0.01, Wilcoxon signed rank test).

Fig. 2. Hypo-Inf-increased synaptic facilitation without significant difference in EPSCAM
traces during 10 Hz stimulation in control (black) and Hypo-Inf (red). Scale bar ¼ 20 ms an
10 Hz stimulation in control (black), Hypo-Inf (red), and reoxygenation (gray) (**p < 0.01, *
ratio of control (black), Hypo-Inf (red), and reoxygenation (gray). Black solid line and dots a
at �70mV (inward) for measuring EPSCAMPA current (solid line arrows) and at þ40 mV holdi
in Hypo-Inf (red). Scale bars: 20 pA, 10ms. EPSCAMPA were measured as the peak current o
mean current at 40mV between 50 and 70ms after the peaks of EPSCAMPA. (E) Average EP
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Hypo-Inf, the sizes of the EPSCs were restored back to the control
level by increasing the stimulation strength, and the short-term
plasticity was remeasured. Under this condition, the same pattern
of short-term plasticity was observed; hence the data were pooled
(Fig. 2B). Short-term plasticity measured after recovery of the EPSC
amplitude was indistinguishable from that under the control con-
dition (Fig. 2B), suggesting that indeed the reduction of EPSC was
due to reduced release probability and not to non-specific changes
in the recording condition.

Previous studies showed that synaptic depression in hypoxia is
mediated by the presynaptic neuromodulator adenosine (Brust
et al., 2006; Choi et al., 2015; Dunwiddie and Masino, 2001;
Gervitz et al., 2001;Mukandala et al., 2016) To examine if adenosine
plays the same role in Hypo-Inf, we tested whether 8-Cyclopentyl-
1,3-dipropylxanthine (DPCPX), a selective adenosine A1 receptor
antagonist, prevents reduction of synaptic transmission
(Supplementary Fig. 2A and B). Indeed, the Hypo-Infeinduced
synaptic depression was significantly attenuated (60.6± 12.8% of
EPSC) in the presence of 200 nM DPCPX. Furthermore, enhanced
synaptic facilitation by Hypo-Inf was restored by DPCPX
(Supplementary Fig. 2C). These findings strongly suggest that
reduced synaptic transmission is, at least in part, mediated by the
A1 Receptor. Of note, A1 adenosine receptors inhibit voltage-gated
Ca2þ channels (VGCC) through the Gi/o-coupled signaling pathway
(McCool and Farroni, 2001; Palmer and Stiles, 1995) and thereby
reduce efficiency of synaptic transmission in hypoxia (Gervitz et al.,
2001). We did not find a significant change in the rate of sponta-
neous neurotransmitter release (miniature EPSC or mEPSC) in spite
of the dramatic reduction in EPSC amplitude (Supplementary
Fig. 3). Since inhibition of VGCC does not affect mEPSC frequency
(Vyleta and Smith, 2011) but reduces evoked EPSCs, our finding
supports the hypothesis that the depression we observed can be
PA/EPSCNMDA ratio. (A) Representative sample traces of the first five normalized EPSC
d normalized initial EPSC amplitude. (B) Mean normalized amplitudes of EPSCs during
p < 0.05, paired t-test). (C) Relationship between the EPSC amplitude and paired-pulse
re quadratic polynomial curve fit with 95% confidence bounds. (D) Sample EPSC traces
ng (outward) for estimating EPSCNMDA current (dotted line arrow) in control (black) and
f EPSCs, while the neuron was voltage-clamped at �70mV. EPSCNMDA was defined by
SCAMPA/EPSCNMDA ratio of D.



Y.-S. Yang et al. / Neuropharmacology 138 (2018) 20e3124
attributed to A1 adenosine receptoredependent VGCC inhibition.
If the reduced synaptic transmission is solely due to presynaptic

release efficiency, then the paired-pulse ratio in the Hypo-Inf
condition should be in line with the relationship between EPSCs
and the paired-pulse ratio of the baseline condition. To test this,
two consecutive stimuli were delivered with a 100ms interval
while measuring the amplitude of EPSCs under control, Hypo-Inf,
and reoxygenation conditions. When paired-pulse ratio was
plotted as a function of the first amplitude of the two EPSCs, EPSCs
and the paired-pulse ratio under the basal condition showed a
strong negative relationship (black solid line in Fig. 2C, see section
2.3: Data analysis and Statistics). On the other hand, the relation-
ship between EPSCs and the paired-pulse ratio measured during
the Hypo-Inf insult formed a discrete cluster that was significantly
left-shifted compared with the 95% prediction interval (Fig. 2C).
These results indicate that abridged release efficacy significantly
contributes to, but may not be the sole cause of, the reduced syn-
aptic transmission induced by Hypo-Inf.

To examine if dynamic trafficking of postsynaptic AMPA re-
ceptors (AMPARs) may be involved in synaptic depression induced
by Hypo-Inf (Zhang et al., 2014), we examined the relative contri-
bution of AMPARs to the EPSCs. The amplitude of AMPAR-mediated
synaptic current cannot be directly compared across different slices
because the numbers of stimulated synapses can vary even if
stimulation strength is set to the same value. Thus, we assessed the
relative post-synaptic responses mediated by AMPA receptors
(EPSCAMPA) to that mediated by NMDA receptors (EPSCNMDA). The
ratio of EPSCAMPA to EPSCNMDA forms a linear correlation with
postsynaptic strength (Takumi et al., 1999; Nusser et al., 1998;
Freund et al., 1985) because the number of AMPARs is dynamically
regulated by the history of activity, whereas the number of NMDA
receptors remains relatively static (Matsuzaki et al., 2001; Kidd and
Isaac, 2001). Therefore, the relative number of AMPARs at synapses
can be assessed using EPSCNMDAR as an internal control. Further, if
reduction of transmission is partly due to a reduced number of
AMPARs at synapses, then a smaller EPSCAMPA-to-EPSCNMDA ratio is
expected, independent of the number of synapses stimulated by
electrical field stimulation. We found no significant difference in
the EPSCAMPA-to-EPSCNMDA ratio, suggesting that the reduced
synaptic current induced by the Hypo-Inf insult was not due to a
reduced number of AMPARs at the synapses (Fig. 2D and E). This
conclusionwas further supported by unchanged mEPSC amplitude,
charge, and kinetics (Supplementary Fig. 3CeG).

Thus, the decreased synaptic transmission induced by the Hypo-
Inf insult is due to reduced efficacy of presynaptic neurotransmitter
release but not to AMPAR internalization.

3.2. Reduced excitability induced by hypoxia-inflammation and
hyperexcitability induced by reoxygenation

We examined possible changes in the excitability of neurons
induced by Hypo-Inf and reoxygenation. Membrane properties and
excitability under the control condition were in agreement with
results from previous studies of pyramidal neurons in the hippo-
campal CA1 (Yang et al., 2013). Under the control condition, the
resting membrane potential (RMP) was �63.1± 0.7mV and the
input resistance (Rin), calculated as the slope of voltage change as a
function of injected current, was 102.4± 3.9MU. Upon 100 pA
depolarizing current injection, we observed a series of mildly
adapting APs with relatively regular firing frequency (15.7± 1.0 Hz,
Fig. 3A and B, Supplementary Table 1).

In corroboration with a previous studies (Fujiwara et al., 1987;
Gao et al., 2014; Tzour et al., 2017), we found that 10 mg/ml LPS
increased the excitability of hippocampal neurons acutely
(Supplementary Fig. 4), whereas hypoxia alone decreased excit-
ability (Supplementary Table 2). Upon Hypo-Inf treatment, we
found that the AP frequency evoked by the same current injection
was reduced to ~1/3 with similar time course with reduction of
basal transmission (6.1± 1.5 Hz, p< 0.01, Fig. 3B). Further, subse-
quent reoxygenation caused a dramatic increase in the AP fre-
quency compared with the control condition (22.6± 1.1 Hz,
p< 0.01, Fig. 3B).

Hyperexcitability in response to reperfusion after hypoxia alone
was reported previously (Levin et al., 2010; Levin and Godukhin,
2009; Schiff and Somjen, 1985; Turovsky et al., 2013). To examine
the cause of this change in excitability during hypoxia and reox-
ygenation, we measured RMP, AP threshold, and Rin (Fig. 3D).
During hypoxia, the Rin was reduced to 94.5± 5.1MU (p< 0.01,
Fig. 3D; Supplementary Table 1) and the membrane was hyper-
polarized to �66.7± 0.9mV (p< 0.01), leading to an increased
voltage change requirement for evoking an AP (voltage difference
between the RMP and AP threshold, called DVthresh hereafter),
which was 19.5± 0.6mV in the control condition and 22.7± 1.2mV
in the Hypo-Inf condition (p< 0.01, Fig. 3E). Upon reoxygenation, in
drastic contrast, DVthresh was significantly reduced (17.6± 1.1mV in
the reperfusion condition, p< 0.05, Fig. 3D) and the Rin was
significantly increased (reperfusion: 109.5± 6.0MU; control:
102.4± 3.9MU; p< 0.01, Fig. 3D) compared with the control con-
dition. As expected based on the changes in DVthresh and Rin, the
mean injected current required to evoke an AP changed:
70± 6.6 pA in control, 113.3± 7.7 pA in Hypo-Inf. During reoxyge-
nation, the smallest current injection examined (50 pA) evoked one
or more APs in all cases (Supplementary Table 1).

We next examined whether changes in these parameters were
in temporal agreement with the alterations in AP frequency.
Indeed, variations of Rin and DVthresh were found to correlate
strongly with changes in AP frequency (Fig. 3B and E). We also
examined shape and adaptation pattern of repetitive APs during
Hypo-Inf and reoxygenation compared with the control condition.
To visualize the shapes of the APs, we plotted the voltage of AP
against its time derivative (hereafter phase-plane plot)
(Supplementary Fig. 5A) (Jenerick, 1963). This plot showed a
hyperpolarized resting membrane potential under the Hypo-Inf
condition (downward arrows). A lowered AP threshold (down-
ward arrows in Supplementary Fig. 5A inset) and a reduced spike
potential were evident under the reoxygenation condition (upward
arrows in Supplementary Fig. 5A and B). Further, we noticed that
the half-width of the AP was lengthened under the Hypo-Inf con-
dition (Supplementary Fig. 5C). To describe this pattern of adap-
tation, the inter-spike intervals (ISI) of the initial 10 APs were
measured. Significantly greater adaptation was observed in the
Hypo-Inf condition and less adaptation was observed in the reox-
ygenation condition (Supplementary Fig. 5D and E). However, a
mildly adapting firing pattern remained unchanged in both
conditions.

Because our results to this point were acquired from very young
animals (12e21 postnatal days), we next examined whether the
observed changes in excitability and synaptic transmission were
age-specific. In particular, we examined if the effects of Hypo-Inf
and reoxygenation on neural excitability were similar in young
adult animals (8e9 weeks). Indeed, we observed very similar
phenomena between these two age groups, namely decreased
excitability induced by Hypo-Inf and hyperexcitability induced by
reoxygenation (Supplementary Fig. 6). These results suggest that
the observed changes in excitability are a general response to
Hypo-Inf and reoxygenation, rather than age-specific responses.



Fig. 3. Effects of Hypo-Inf and reoxygenation on neuronal excitability in hippocampal CA1 pyramidal neurons. (A) Sample traces of evoked APs by 100-pA current injections
for 600ms. Each trace shows control (left), 20min after Hypo-Inf washing-in (middle), and 20min after washing-in of normally oxygenated aCSF (right). Scale bars: 20mV, 200ms.
(B) The frequency of AP induced by 100-pA current injection as a function of time, during control, Hypo-Inf, and reoxygenation. (C) AP frequencies induced by various injected
currents for 600ms. (D) Average resting membrane potentials (RMPs), threshold of AP measured from the first AP by current injection, and input resistance (Rin). (E) Voltage
difference (black) between RMP and AP threshold (DVthresh, black) as a function of time during Hypo-Inf, followed by reoxygenation. The orange color shows changes of Rin.
Significance was determined using the paired t-test (*p < 0.05, **p< 0.01 compared with control).
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3.3. Ih current in Hypo-Inf and reoxygenation

We observed a pronounced depolarizing voltage sag in response
to hyperpolarizing current injection, as well as a hyperpolarizing
sag on termination of the current injection (Fig. 4A). A previous
study has indicated that depolarizing/hyperpolarizing voltage sags
result from hyperpolarization-activated cyclic nucleotide-gated
channel (HCN channel) activation and deactivation, respectively
(Robinson and Siegelbaum, 2003). Corroborating this previous
study, the voltage sags we observed with the initiation and cessa-
tion of hyperpolarizing current injection were both eliminated by
the selective HCN channel antagonist, zatebradine (10 mM, Fig. 5), in
accordance with previous reports (Gill et al., 2004; Shahi et al.,
2014; Stieber, 2006; Zhang et al., 2016).

We also tested whether dynamic regulation of Ih activity
contributes to the observed AP frequency change. HCN channel
activation during re-polarization of AP has been reported to pro-
vide the inward current that drives successive AP generation
(Robinson and Siegelbaum, 2003), which subsequently determines
discharge patterns and frequency in hippocampal CA1 neurons
(Gasparini and DiFrancesco, 1997) and in other types of neurons
(Lüthi and McCormick, 1998). If Ih is the source of the AP frequency
change, then an Ih current amplitude of that covaries with AP fre-
quency can be expected. To test this idea, we compared the Ih
current produced by a 200 pA hyperpolarizing current injection.
The Ih amplitude was defined by subtracting the mean steady state
current from the peak amplitude of the sag current. The voltage sag
amplitude was dramatically reduced in the presence of Hypo-Inf
and then increased upon reoxygenation (8.8± 0.6mV in control,
6.3± 0.7mV in Hypo-Inf, p< 0.01, and 9.90± 0.87mV in
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Fig. 4. Voltage sag regulation by Hypo-Inf and reoxygenation. (A) Sample voltage traces induced by negative current pulse (from�200 pA to�50 pAwith 50 pA steps for 600ms).
Double-headed arrows indicate the size of voltage sag. Scale bars: 10mV, 200ms. (B) Ih current measured by voltage sags as a function of injected current, in control (black), Hypo-
Inf (red), and reoxygenation (blue). (C) Amplitude of voltage sag during Hypo-Inf and reoxygenation. (D) Normalized voltage sags in control, Hypo-Inf, and reoxygenation. Error bars
represent standard error. Statistical significance is presented as * p < 0.05 or **p < 0.01 (paired t-test compared with control).
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reoxygenation; p< 0.01, Fig. 4AeC, Supplementary Table 2).
The change of Ih amplitude coincident with AP frequency shown

in Fig. 4D indicated that Ih current contributes to the determination
of AP frequency during Hypo-Inf and reoxygenation. To test this
hypothesis more directly, we examined AP frequency changes in
the presence of zatebradine. We first determined whether zate-
bradine could block Ih in all experimental conditions (Hypo-Inf,
reoxygenation, and control condition). Pretreatment with10 mM
zatebradine for 20min maintained the Ih amplitude at a minimal
level with all sizes of current injection tested, lasting for the
duration of the whole-cell recording (>1 h) (Supplementary Table 3
and Fig. 5). Contrary to our expectations, in spite of effective
blockage of the Ih current, zatebradine did not reduce basal excit-
ability of the neurons (Fig. 6, baseline). Furthermore, themagnitude
of excitability reduction by Hypo-Inf was significantly ameliorated
in the presence of zatebradine (Fig. 6B, p< 0.01). We believe these
observations resulted because the effective voltage accumulation
due to increased input resistance counteracts the effect of the Ih
block (Rin was 183.7± 15.1MU in baseline with zatebradine,
113.3± 7.0 in control; 153.0± 16.2MU in Hypo-Inf with zatebradine
pretreatment and 94.5± 5.1MU in Hypo-Inf without zatebradine,
Fig. 6D).
We next examined whether blockage of Ih reinstated the over-
excitability observed upon reoxygenation. In support of our hy-
pothesis that increased Ih is a critical determinant of the hyper-
excitability that occurs during reoxygenation, the AP frequency
during reperfusion in the presence of zatebradine returned to levels
observed under the control condition (18.0± 1.8 Hz with zate-
bradine, 22.6± 1.1 Hz without zatebradine pretreatment, p< 0.01,
Fig. 6AeC). Blockage of Ih also restored DVthresh by hyperpolarizing
RMP (DVthresh¼ 25.5± 1.4mV with zatebradine, 17.6± 1.1mV
without zatebradine pretreatment, p< 0.01, Fig. 6D and E).

These results demonstrate that increased Ih during reperfusion
plays a major role in rebounding hyperexcitability after Hypo-Inf
and suggests the use of zatebradine as a novel potential reagent
to reduce reperfusion brain injury.
4. Discussion

Despite our increased understanding of the molecular mecha-
nisms involved in oxidative stress and cell death during hypoxia
(Pfisterer and Khodosevich, 2017;Walton et al., 1999), the effects on
basic neuronal functions, such as synaptic transmission and excit-
ability, remain controversial (Centonze et al., 2009; Fan et al., 2008;



Fig. 5. Effects of zatebradine on voltage sag. (A) Sample trace showing voltage sags induced by the indicated negative current injection for 600ms. Scale bars: 10mV, 200ms. (B)
Size of voltage sags induced by indicated current injection in control (black), zatebradine pretreatment (green), Hypo-Inf (red), and reoxygenation combined with zatebradine
pretreatment (blue). Significance was determined using paired t-test (**p < 0.01 compared with control). (C) Size of voltage sags in the presence (green) or absence (black) of
zatebradine pretreatment. Voltage sags in Hypo-Inf and reoxygenation, with or without zatebradine, were compared with two-way ANOVA followed by the Tukey Honest sig-
nificant differences test (**p< 0.01).
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Gao et al., 2014; Levin et al., 2010; Levin and Godukhin, 2009; Schiff
and Somjen, 1985; Turovsky et al., 2013; Tzour et al., 2017; Zanelli
et al., 2015). The observed discrepancies could have multiple ex-
planations. In particular, many experiments performed in vitromay
fail to mimic pathological conditions. For example, the drastic
accompanying inflammatory responses, which show very different
effects on basic neuronal functions, are ignored inmost studies (but
(Batti and O'Connor, 2010; Zhang et al., 2014)). On the other hand,
in vivo studies are often performed after transient interruption of
cerebral blood flow, and effects of hypoxia cannot be clearly
dissected from the reperfusion effect.

In the current study, we examined the effects of simultaneous
limited oxygen supply and inflammation and the effects of reox-
ygenation on synaptic transmission and excitability. We observed
that the excitability of neurons decreased rapidly due to a greater
voltage difference between the RMP and AP threshold in addition
to reduced membrane resistance (Fig. 3). These findings can be
explained by the strong expression of KATP channels in CA1 pyra-
midal neurons, the gating of which is regulated by the ATP/ADP
ratio (Sun and Feng, 2013; Sun and Hu, 2010; Thomzig et al., 2005;
Zawar et al., 1999). Hypoxia-induced decreases in the ATP/ADP ratio
lead to the opening of KATP channels, which in turn hyperpolarizes
neurons and shuts down their activity to prevent further energy
consumption (Sun et al., 2006, 2007, but see (Nistic�o et al., 2007)).
Of note, in our study decreased Ih current, a critical regulator of
excitability during hypoxia, contributed to the reduced excitability
(Fig. 4).
Concurrent with reduced excitability, we observed an attenua-
tion of synaptic transmission (Fig. 1). Together, the enhanced short-
term facilitation during high-frequency synaptic transmission and
the DPCPX-sensitivity of this facilitation (Fig. 2 and Supplementary
Fig. 2) support the hypothesis of a reduced efficiency of neuro-
transmitter release. Our observation of reduced synaptic trans-
mission with increased short-term facilitation could have been
caused by a reduced excitability or Ih. If the number of axons
stimulated decreased due to reduced excitability induced by Hypo-
Inf, then smaller EPSC can be expected. Moreover, considering that
Ih exerts a dampening effect on voltage integration (Berger et al.,
2001; Magee, 1999; Williams and Stuart, 2000), reduced Ih due to
Hypo-Inf could lead to increased short-term facilitation, as
observed in hippocampal neurons lacking TRIP8b (Brager et al.,
2013), an auxiliary protein required for functional HCN channels
(Lewis et al., 2009; Santoro et al., 2009). However, DPCPX sensi-
tivity and the same pattern of short-term plasticity with increased
stimulation cannot be readily explained by reduced excitability
alone. Therefore, the notion that reduced release probability con-
tributes to reduced circuit activity, and thereby affects cognitive
function and sedation during hypoxia, remains the most straight-
forward interpretation. Neurotransmitter release efficiency is
determined by a number of factors, including association of vesicles
with the soluble N-ethylmaleimide-sensitive factor attachment
receptor (SNARE) complex, available number of synaptic vesicles in
RRP, and Ca2þ sensed by Ca2þ sensors upon AP (Südhof, 2013).
Among these factors, the SNARE complex factor, which provides a



Fig. 6. Reduced excitability changes induced by zatebradine pretreatment. (A) Sample traces of APs obtained by current injections (100 pA/600ms) in reoxygenation (blue) and
in reoxygenation with 10 mM zatebradine pretreatment (blue). Scale bars: 20mV, 200ms. (B) Average AP frequencies with (green) or without (black) Ih channels blocked by
zatebradine (two-way ANOVA, **p < 0.01). (C) AP frequencies with various magnitudes of current injection for 600 ms; frequencies depicted as averages of measurements taken
between 20 and 30 min after washing-in. Control (black), reoxygenation (blue), and reoxygenation with zatebradine (green). Significance was determined using one-way ANOVA,
followed by Bonferroni post hoc test, **p < 0.01. (D) Average voltage differences (DVthresh, green) and input resistance (Rin, orange) of zatebradine-pretreated neurons as a function of
time during Hypo-Inf and reoxygenation (paired t-test, *p < 0.05, **p< 0.01). (E) DVthresh in control (black), reoxygenation (blue), and reoxygenation with zatebradine pretreatment
(blue). One-way ANOVA, *p < 0.05, **p< 0.01. Error bars represent standard error.
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force capable of overcoming repulsive charges between fusing
membranes (Gerber et al., 2008; Südhof, 2009; Zhou et al., 2013),
and RRP size are key determinants of mEPSC frequency (Deak et al.,
2006; Guzman et al., 2010; Stein et al., 2009). On the other hand,
the rise in Ca2þ concentration is critical for AP-dependent, Ca2þ-
evoked neurotransmitter release (Elmqvist and Feldman, 1965;
Katz andMiledi, 1965;Wheeler et al., 1994) but not for spontaneous
membrane fusion. Of note, mEPSC frequency is not affected by
blocking voltage-gated Ca2þ channels (VGCC) (Vyleta and Smith,
2011). Therefore, the observed increase in synaptic facilitation
without a concurrent change in mEPSC frequency (Supplementary
Fig. 3) indicates that synaptic depression occurs through VGCC
inhibition by endogenously released adenosine (Brust et al., 2006;
Choi et al., 2015; Dunwiddie andMasino, 2001; Gervitz et al., 2001).

Bath-applied TNF-a increases basal synaptic transmission on a
similar time scale with our experiment through an increase in the
number of AMPA receptors at postsynaptic densities (Beattie et al.,
2002; Tancredi et al., 1992). We did not detect any significant
changes in postsynaptic strength (Figs. 2 and 3) despite the fact that
the concentration of LPS in our bath solution was sufficient to in-
crease excitability (Supplementary Fig. 4). These findings suggest
that the initial synaptic depression that occurs with Hypo-Inf em-
ploys a distinct mechanism from that occurring with the long-
lasting depression triggered by reoxygenation after Hypo-Inf, as
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observed by Zhang et al. (2014). In contrast to Zhang and col-
leagues, we did not find long-lasting effects of synaptic depression
associated with reperfusion. We believe this discrepancy is due to
different experimental conditions across the two studies. Whereas
LPS was kept in the recording solution in the experiment by Zhang
et al., wewashed LPS out together with the anoxic bath solution. Of
note, whenwe measured EPSCs in conditions in which we retained
LPS in the bath solution during reoxygenation, we also observed
long-lasting depression of synaptic transmission (Supplementary
Fig. 7).

The changes we observed in excitability induced by hypoxia in
combination with LPS were similar to those induced by hypoxia
alone, but the effect was reinforced by the addition of LPS
(Supplementary Table 2). For example, the increased DVthresh along
with reduced Rin during hypoxia without LPS was not as dramatic
as that we observed under Hypo-Inf. This finding is contradictory to
the findings that LPS alone increased excitability by reducing
DVthresh (Fujiwara et al., 1987; Vezzani and Viviani, 2015 and
Supplementary Fig. 4). One possible explanation for this finding is
that inflammatory insult has an additive effect and worsens the
effects of hypoxia (Varatharaj and Galea, 2017), rather than having
its own role in hyperexcitability.

In their early study on cerebral anoxia in healthy humans using a
cervical pressure cuff, Rossen et al. described a “seizure occurred
after release of pressure in the cuff, and rarely or never during the
acute cerebral anoxia” (Rossen et al., 1943). In addition, reduced
excitability induced by antagonists of NMDA receptors or of Ca2þ-
permeable AMPARs, as well as that induced by antiepileptic drugs,
such as lamotrigine, improves cerebral ischemic damage (Albers
et al., 1989; Crumrine et al., 1997; Noh et al., 2005). Clinically,
hypoxic ischemia is a known cause of infant seizure (Ronen et al.,
2007; Tekgul, 2006). Corroborating previous findings regarding
post-transient ischemia (Levin et al., 2010; Levin and Godukhin,
2009; Schiff and Somjen, 1985; Turovsky et al., 2013), we
observed a dramatic increase in excitability on account of reduced
DVthresh and increased membrane resistance (Fig. 3D and E).
Further, dynamic regulation of neuronal excitability by HCN1
channel conductance and/or surface expression have been reported
previously (Jung et al., 2010; Noam et al., 2010).

Our results indicate that the excitability of neurons in response
to Hypo-Inf and reoxygenation relies on dynamic regulation of the
Ih current, as well. Of note, the HCN channel blocker zatebradine
can ameliorate the reperfusion-induced increase in excitability,
whilst excitability of neurons in normoxia was not significantly
affected (Fig. 6B). Furthermore, the decrease in excitability induced
by Hypo-Inf was ameliorated in the presence of zatebradine
(Fig. 6B). Our results indicate that zatebradine has two opposing
effects on neuronal excitability. Zatebradine blocks Ih (Fig. 5) and
increases DVthresh (Fig. 6D), both of which make AP generation
more difficult. On the other hand, zatebradine increases Rin
(Fig. 6D), which makes voltage accumulation more efficient and
thereby eases AP generation. We believe the unchanged excitability
of neurons in normoxia with zatebradine results from a balance of
opposites. Similarly, the ameliorated excitability reduction
observed during Hypo-Inf in the presence of zatebradine can be
explained by increased Rin. Normally, Hypo-Inf increases DVthresh in
neurons and induces smaller Rin and Ih, which would mean a
greater voltage change is required to reach AP and the membrane is
leaky. Furthermore, evenwhen an AP is generated, the current that
drives successive APs through Ih is smaller and, therefore, AP fre-
quency drops rapidly. In instances of Hypo-Inf in the presence of
zatebradine, on the other hand, DVthresh is greater and Ih is blocked,
and Rin is increased even more so than under normoxic conditions.
Therefore, addition of zatebradine decreases the reduction in
excitability observed with Hypo-Inf.
In the current study, whole-cell patch clamping was used to
monitor excitability along with other electrophysiological param-
eters, and zatebradine treatment was used prior to induction of
hypoxia for the sake of experimental ease. However, if zatebradine
were to be used in patients, the administration would occur after
hypoxia and before reperfusion. Therefore, we believe the reduc-
tion of reperfusion-induced hyperexcitability caused by zate-
bradine indicates that this could be an important therapeutic tool
to reduce reperfusion brain injury. Further study is required to
confirm that zatebradine could reduce reperfusion brain injury
in vivo.
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