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Abstract

The selective hyperpolarization-activated cyclic nucleotide-gated (HCN) channel blocker 4-(N-ethyl-N-phenylamino)-1,2-dimeth-
yl-6-(methylamino) pyrimidinium chloride (ZD7288) blocks the induction of long-term potentiation in the perforant path—-CA3 region
in rat hippocampus in vivo. To explore the mechanisms underlying the action of ZD7288, we recorded excitatory postsynaptic potentials
in perforant path—CA3 synapses in male Sprague-Dawley rats. We measured glutamate content in the hippocampus and in cultured hip-
pocampal neurons using high performance liquid chromatography, and determined intracellular Ca*" concentration ([Ca*'];) using Fura-
2.ZD7288 inhibited the induction and maintenance of long-term potentiation, and these effects were mirrored by the nonspecific HCN
channel blocker cesium. ZD7288 also decreased glutamate release in hippocampal tissue and in cultured hippocampal neurons. Further-
more, ZD7288 attenuated glutamate-induced rises in [Ca®']; in a concentration-dependent manner and reversed 8-Br-cAMP-mediated
facilitation of these glutamate-induced [Ca®']; rises. Our results suggest that ZD7288 inhibits hippocampal synaptic plasticity both gluta-
mate release and resultant [Ca®*]; increases in rat hippocampal neurons.
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Introduction

Hyperpolarization-activated current (I,) is mediated by
hyperpolarization-activated cyclic nucleotide-gated (HCN)
channels, also known as I, channels. These channels are
widely distributed throughout the heart and the nervous
system (DiFrancesco, 1993; Pape, 1996; Chen, 1997; Notomi
and Shigemoto, 2004). I, is very important in the control of
cardiac and neuronal rhythmicity (DiFrancesco, 1993; Dick-
son et al., 2000). In addition, I, contributes to the determi-
nation of resting membrane potential, synaptic integration
and transmission (Siegelbaum, 2000; Nolan et al., 2004).
4-(N-ethyl-N-phenylamino)-1, 2-dimethyl-6-(methylami-
no) pyrimidinium chloride (ZD7288) specifically blocks I,
channels in various configurations (Gasparini and DiFran-
cesco, 1997; Satoh and Yamada, 2000; Gonzalez-Iglesias et al.,
2006; Inaba et al., 2006; Matsuda et al., 2008a), and is often
used to assess the physiological and pathophysiological roles
of I, channels. In particular, the involvement of ZD7288 in
synaptic modulation and plasticity is attracting increasing
attention. ZD7288 inhibits long-term potentiation (LTP)
at synapses between the perforant path and granule cells,
mossy fibers and CA3 region, and Schaffer collateral pathway
and CA1 region (Chevaleyre and Castillo, 2002; Mellor et al.,
2002; Chen, 2004; He et al., 2010). However, its mechanism
of action at the hippocampal perforant path—CA3 synapse is
incompletely understood.

The hippocampal CA3 is a brain region that is involved
in autoassociative memory. The entorhinal cortex sends a
major projection to the hippocampus (Steward, 1976). The
direct perforant path projection from the entorhinal cortex,
terminating on pyramidal cells in the CA3, is a major route
of cortical input to the hippocampal CA3, and memory re-
trieval is mediated by the associative plasticity of perforant
path—CA3 synapse(O’Reilly and McClelland, 1994). In a pre-
vious study, we showed that ZD7288 suppresses basal synap-
tic transmission at the perforant path—-CA3 synapse (Zheng
et al., 2006). However, to date, no evidences have demon-
strated that whether and how ZD7288 contributes to long-
term plasticity at these synapses. We therefore examined the
effects and mechanisms of ZD7288 on LTP induction and
maintenance in the perforant path—CA3 pathway in adult
rats.

Materials and Methods

Ethics statement and experimental animals

Animal studies were approved by the Animal Care and Use
Committee of Tongji Medical College, Huazhong Univer-
sity of Science and Technology, China, and performed in
accordance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals. Precautions were
taken to minimize suffering and the number of animals
used in each experiment. Specific-pathogen-free adult male
Sprague-Dawley rats, aged 10 weeks and weighing 200 + 20 g,
were provided by the Experimental Animal Center of Tongji
Medical College (License No. SCXK (E) 2010-0009) and
housed under controlled temperature (20-24°C) and hu-
midity (40-70%) conditions, with a 12-hour day/night cycle.
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The animals were acclimated to the environment for at least
7 days before experiments.

Electrophysiological recordings in vivo

Animals were anesthetized intraperitoneally with urethane
1.2 g/kg and fixed in a stereotaxic frame (SN-3, Narishige,
Tokyo, Japan). Body temperature was kept at 37 £ 0.5°C
during the experiment, using a constant temperature water
cycling system. The skull landmark bregma was chosen as
the stereotaxic reference point. Small holes were made in
the skull and a stimulating electrode (bipolar stainless steel,
140 pm diameter) was placed at the perforant path (6.8-7.0
mm anteroposterior, 4.3—4.5 mm rostrolateral, depth 3.0-4.0
mm) and a recording electrode (monopolar stainless steel,
140 um diameter) was positioned in ipsilateral hippocampal
CA3 (3.3-3.5 mm anteroposterior, 3.3-3.5 mm rostrolat-
eral). The depth of the recording electrode was determined
by the maximal response. Test stimuli were given every 2
seconds (0.5 Hz, 0.15 ms duration) with a programmable
electric stimulator (SEN-3201, Nihon Kohden, Tokyo, Ja-
pan) using an isolation unit (SS102J, Nihon Kohden). Field
excitatory postsynaptic potentials (fEPSPs) were acquired,
amplified, monitored and analyzed with a SMUP-PC bi-
ology signal processing system (Second Military Medical
University, Shanghai, China). Baseline fEPSPs were recorded
at 50-60% of the maximal response. LTP was then induced
by a series of high-frequency stimuli (4 trains of 50 pulses at
100 Hz, 150 ps duration, intertrain interval of 20 seconds).
fEPSPs were recorded 90 minutes after high-frequency stim-
ulation. Baseline values were calculated by taking the mean
EPSP amplitude at 5 different time points within 30 minutes
before high-frequency stimulation. The ratio of absolute
fEPSP amplitude to baseline value was used to describe the
amplitude level.

For hippocampal administration of saline or drugs, a
cannula was carefully inserted into the CA3 area with an
introductory tube fixed parallel to the recording electrode,
reaching 0.1-0.2 mm higher than the electrode tip. To test
the effects of blockers on the induction of LTP, we applied
0.1 pM ZD7288 (Tocris Cookson, Avonmouth, UK) or the
monovalent cation cesium (Cs"), a known nonspecific I,
antagonist (5 pM CsCl; Sigma-Aldrich, St. Louis, MO, USA;
Matsuda et al., 2008b) 5 minutes before high-frequency
stimulation. To test the effects of blockers on the mainte-
nance of LTP, ZD7288/Cs" was slowly administered using
an infusion/withdrawal pump 30 minutes after the high-fre-
quency stimulation.

Neuronal culture

Primary hippocampal neurons were obtained from neonatal
(1-2 day-old) Sprague-Dawley rats, provided by the Exper-
imental Animal Center of Tongji Medical College (He et al.,
2009; Huang et al., 2009). Rats were decapitated and brains
were rapidly removed and placed in ice-cold phosphate
buffered saline. The hippocampus was dissected out and di-
gested with 0.125% trypsin for 20 minutes at 37°C, followed
by mechanical dissociation and centrifugation at 1,000 X
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g for 8 minutes. Cells were resuspended and plated on 96-
well plates (for amino acid analysis) or poly-D-lysine-coated
coverslips (for measurement of internal calcium concentra-
tion, [Ca”"],). Neurons were cultured in Dulbecco’s modified
Eagle’s medium/Ham’s Nutrient Mixture F12 (DMEM/F12;
Hyclone, Logan, UT, USA) with 10% fetal bovine serum
(Lanzhou National Hyclone Bio-Engineering Co., Ltd., Chi-
na), 100 U/L penicillin, 100 mg/L streptomycin and 0.5 mM
glutamine, and kept at 37°C in a 5% CO, incubator (SHEL
LAB, Cornelius, OR, USA). 10 mg/L arabinosylcytosine was
added to the medium at 72 hours to reduce the number of
non-neuronal cells. Half of the medium was changed every
2 days. Experiments were performed on days 8—11. The cells
were incubated for 24 hours with ZD7288 (1, 5, or 50 uM),
8-bromoadenosine cyclic adenosine monophosphate (8-Br-
cAMBP, 5 or 50 pM; Sigma-Aldrich), or forskolin (1 or 5 pM;
Sigma-Aldrich), and the culture medium was collected for
glutamate measurement.

Glutamate measurement

After LTP recording, the ipsilateral hippocampus was care-
tully dissociated from the brain, washed with ice-cold nor-
mal saline, and frozen at —80°C until processing. The thawed
tissue was homogenized in 0.4 M perchloric acid. After
aliquots were taken for protein determination, the homog-
enate was centrifuged at 10,000 X g for 15 minutes at 4°C.
The homogenate was then neutralized with 2 M KHCO;, and
centrifuged at 3,000 X g for 5 minutes. The supernatant was
frozen at —80°C for analysis. Protein levels were measured
using Coomassie Brilliant Blue (DiFrancesco, 1993; Dickson
et al., 2000; Zhu et al., 2014). The neuronal culture medium
was collected after 24 hours of drug incubation and centri-
fuged at 3,000 x g for 5 minutes. The supernatant was stored
at —80°C for analysis. Following automatic precolumn deri-
vatization with O-phthaldialdehyde (Sigma-Aldrich) as pre-
viously described (McMahon and Barrionuevo, 2002), gluta-
mate analysis was performed using high performance liquid
chromatography (Kromasil ODS2 C18 column, Kromasil,
Akzonobel, Zurich, Switzerland) with fluorescence detection
using a spectrophotometer (excitation wavelength 330 nm,
emission wavelength 420 nm; Prostar 370, Varian, Amster-
dam, Holland). The external standard method was used to
quantify the concentration of glutamate (Sigma-Aldrich)
according to each peak area. Data were normalized against
baseline glutamate values obtained from hippocampal tissue
infused with saline and neurons treated with DMEM/F12.
Glutamate level in each sample was expressed as the ratio of
glutamate in the sample to the baseline value.

Measurement of [Ca”"];

[Ca™]; measurements were performed according to our
previous study in neurons (Huang et al., 2009). Cultured
hippocampal neurons were incubated with 1 pM Fura-2
acetoxy-methylol ester (Biotium, Sunnyvale, CA, USA) for
30 minutes at 37°C, washed three times with artificial cere-
brospinal fluid (containing 140 mM NacCl, 5 mM KCl, 2 mM
CaCl,, 1 mM MgCl,, 10 mM glucose and 10 mM hydroxyeth-

yl piperazine ethanesulfonic acid, pH 7.3), and then incubat-
ed at room temperature in the dark for 30 minutes. Fura-2
fluorescence was observed by a Ratio Vision digital fluores-
cence microscopy system (TILL Photonics GmbH, Freiburg,
Germany). Fluorescence signals were evoked by 340 and
380 nm excitation wavelengths and collected at 510 nm by
TILLvisION 4.0 software. The 340:380 nm fluorescence ratio
was used to represent [Ca’"],. Peak calcium change was rep-
resented as the percentage increase from baseline. Neurons
were incubated in ZD7288 (25, 50 or 100 uM) or 8-Br-cAMP
(5 or 50 pM) for 15 minutes prior to stimulation with 50 pM
glutamate. All experiments were repeated in triplicate, using
different batches of cells across 4-5 dishes.

Statistical analysis

All data are presented as the mean + SEM, and were analyzed
using SPSS 12.0 software (SPSS, Chicago, IL, USA). Statisti-
cal significance between groups was determined using one-
way analysis of variance followed by post hoc comparisons. P
< 0.05 was considered statistically significant.

Results

Effects of ZD7288 on the induction of LTP at the perforant
path—CA3 synapse in rats

Our previous study in vivo showed that ZD7288 depressed
basal synaptic transmission at the perforant path—CA3 syn-
apse in a concentration-dependent manner (Zheng et al.,
2006). Here, we have shown that ZD7288 and CsCl blocked
the induction of LTP at the perforant path—CA3 synapse.
High-frequency stimulation caused a marked increase in
amplitude of the fEPSP in rats that received normal saline
over the 90-minute recording period, and the mean magni-
tude of fEPSP was 281.8 + 6.6% of the baseline value (P <
0.05; Figure 1). LTP was induced in the perforant path—-CA3
synapse by high-frequency stimulation of perforant path
fibers. However, application of ZD7288 0.1 uM at 5 minutes
before high-frequency stimulation significantly decreased
the amplitude of fEPSP, and this inhibitory effect was main-
tained throughout the recording period. At 30, 60 and 90
minutes after high-frequency stimulation, fEPSP amplitudes
were 92.4 + 10.1%, 85.6 £ 12.0% and 85.2 + 11.8% of base-
line respectively (P < 0.01, vs. normal saline group). The
induction of LTP was markedly suppressed by ZD7288.

To confirm that the ZD7288-induced reduction of LTP
was due to its role of blocking I, channels, we used another
known I, blocker, Cs’, commonly used as a diagnostic tool for
I, (Wickenden et al., 2009), to test its effect on LTP induction.
Cs' (1 mM) significantly inhibited the induction of LTP at the
perforant path—CA3 synpase. fEPSP amplitudes were signifi-
cantly lower at each time point after application of CsCl (1
mM) 5 minutes before high-frequency stimulation. At 30, 60
and 90 minutes after high-frequency stimulation, fEPSP am-
plitudes were 41.6 + 12.8%, 75.6 + 11.6% and 78.1 + 5.5% of
baseline, respectively (P < 0.01, vs. normal saline group). The
inhibitory effect of Cs" on LTP was attenuated over time. Our
results indicate that I, channels are involved in the induction
of LTP at perforant path—CA3 synapses.
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Figure 3 Effects of ZD7288, CsCl and cAMP on the release of glutamate in vivo and in vitro.

(A) In vivo, application of 0.1 pM ZD7288 5 minutes before and 30 minutes after HFS and application of 5 uM CsCl 5 minutes before HES inhib-
ited glutamate release. Data (mean + SEM) are expressed as the ratio of glutamate level to baseline. (B) In vitro, ZD7288 reduced glutamate level in
a concentration-dependent manner and forskolin and cAMP markedly increased Glu level after 24 hours of incubation. Data (mean + SEM) are
expressed as a percentage of the value in DMEM/F-12 group for Glu content. Statistical significance between multiple groups was determined using
one-way analysis of variance, followed by post hoc comparisons. *P < 0.05 and **P < 0.01, vs. LTP (N.S) group or DMEM/F12 group. ZD7288: I,
specific antagonist (4-(N-ethyl-N-phenylamino)-1,2-dimethyl-6-(methylamino) pyrimidinium chloride); CsCl: I, nonspecific antagonist; cCAMP:
cyclic adenosine monophosphate; HFS: high-frequency stimulation; Glu: glutamate; LTP: long-term potentiation; N.S: normal saline; DMEM/F-12:
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Figure 4 Effects of ZD7288 and 8-Br-cAMP on Glu-induced [Ca®'];
rise in rat hippocampal neurons.

[Ca™], signals were collected as F340/F380 nm ratio. Cells were incubat-
ed with ZD7288 (25, 50, 100 uM) and 8-Br-cAMP (5, 50 uM) 15 min
prior to 50 uM Glu stimulation. ZD7288 reduced a Glu-induced [Ca’'];
rise in a concentration-dependent manner, and 8-Br-cAMP promoted a
Glu-induced rise in [Ca®*],. Moreover, ZD7288 attenuated the facilitation
of 8-Br-cAMP on Glu-induced [Ca™]; increases. All experiments were
repeated three times using different batches of cells. Data (mean + SEM)
are represented as increased percentage compared with baseline value.
All experiments were repeated three times using different batches of cells,
across at least 4-5 dishes. Statistical significance between the multiple
groups was determined using one-way analysis of variance, followed by
post hoc comparisons. *P < 0.05 and **P < 0.01, vs. 50 uM Glu group;
#P < 0.01, vs. 50 pM 8-Br-cAMP + 50 uM Glu group. ZD7288: 4-(N-eth-
yl-N-phenylamino)-1,2-dimethyl-6-(methylamino) pyrimidinium chlo-
ride; cAMP: cyclic adenosine monophosphate; Glu: glutamate.

Effect of ZD7288 on LTP maintenance at perforant
path—CA3 synapses in rats

To further study the role of I channels in the maintenance
of LTP, the effect of ZD7288 on previously-established LTP

was examined. Application of 0.1 pM ZD7288 30 minutes
after high-frequency stimulation almost completely reversed
the established LTP (Figure 2). Amplitudes were 92.6 £
6.4% and 88.9 + 7.6% of baseline at 60 and 90 minutes after
high-frequency stimulation, respectively (P < 0.01, vs. nor-
mal saline group). Application of 1 mM CsCl 30 minutes
after high-frequency stimulation produced similar inhibi-
tory effects. fEPSP amplitudes were 62.6 + 7.6% and 84.8 £
18.8% of baseline at 60 and 90 minutes after high-frequency
stimulation, respectively (P < 0.01, vs. normal saline group).
Moreover, the inhibitory effect of CsCl decreased with time.
These results demonstrate that ZD7288 and Cs" block LTP
maintenance at perforant path—-CA3 synapses in rats.

Effect of ZD7288 on glutamate release in the hippocampus
In some neurons, presynaptic I, channels regulate synaptic
transmission by controlling transmitter release. Glutamate
plays an important role in LTP formation at the perforant
path—CA3 synapse, of which the LTP induction is N-meth-
yl-D-aspartate receptor-dependent (McMahon and Bar-
rionuevo, 2002). We examined the effect of ZD7288 on
glutamate release in hippocampal tissues. Application of
high-frequency stimuli resulted in a slight increase of gluta-
mate levels in rats that received normal saline (Figure 3A).
Glutamate levels were increased to 111.1 £ 9.6% (P > 0.05,
vs. control rats receiving normal saline and no high-frequen-
cy stimulation [138.4 + 34.3 umol/g protein, normalized as
100 * 8.8%]). Following application of ZD7288 (0.1 uM) 5
minutes before high-frequency stimulation, glutamate con-
tent was reduced to 74.9 + 8.0% (P < 0.05, vs. normal saline
group). CsCl (1 mM) application before high-frequency
stimulation produced the same effect as ZD7288; glutamate
content was decreased to 71.9 £ 10.0% (P < 0.05, vs. normal
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saline group). Furthermore, application of 0.1 pM ZD7288
30 minutes after high-frequency stimulation markedly de-
creased the glutamate content to 77.0% + 9.4% (P < 0.05, vs.
normal saline group). The glutamate content was reduced
to 82.5% £ 9.1% when application with 1 mM CsCl after
high-frequency stimulation. However, there was no signifi-
cant difference compared with normal saline group (P > 0.05,
vs. normal saline group).

Next, we examined the effect of ZD7288 on glutamate
release in cultured hippocampal neurons. ZD7288 inhibited
glutamate release in a concentration-dependent manner
(Figure 3B). After incubation with 1, 5 and 50 pM ZD7288
for 24 hours, glutamate content in extracellular fluid was de-
creased to 69.0 £ 2.8%, 31.4 + 2.0% and 4.4 + 0.3%, respec-
tively (P < 0.01, vs. DMEM/F12 group [100.2 £ 4.2%]).

It has been reported that the activity of I, channels can
be enhanced by elevating cAMP levels. To confirm that the
inhibitory effect of ZD7288 on glutamate release is I, chan-
nel-dependent, we explored the effects of pharmacological
elevation of cAMP levels on glutamate release, using forsko-
lin and 8-Br-cAMP. After incubation with 5 and 50 pM 8-Br-
cAMP, glutamate content in extracellular fluid increased to
136.1 £ 7.4% and 188.1 £ 13.8% respectively (P < 0.01, vs.
DMEM/F12 group). Moreover, after incubation with for-
skolin (1 and 5 pM), extracellular glutamate content was
increased to 177.6 + 6.8% and 308.7 + 6.9%, respectively (P
<0.01, vs. DMEM/F12 group).

Effect of ZD7288 on glutamate-induced [Ca®"]; rise in rat
hippocampal neurons

Intracellular calcium plays an important role in transmitter
release. We therefore also measured the effect of ZD7288
on intracellular calcium levels. In cultured hippocampal
neurons, glutamate (50 uM) evoked a significant increase of
[Ca™], 78.0 £ 3.3% increase above baseline. After incubation
with ZD7288 (25, 50, or 100uM) for 20 minutes, 50 pM glu-
tamate-induced [Ca’']; rises were attenuated to 59.2 * 2.7%,
41.4 £2.3% and 21.0 £ 1.4%, respectively glutamate (P < 0.01,
vs. 50 pM glutamate group; Figure 4). ZD7288 attenuated
the glutamate-induced [Ca*"];rise in a concentration-de-
pendent manner. We also explored the effect of 8-Br-cAMP
on glutamate-induced [Ca®"]; rise. 8-Br-cAMP facilitated the
glutamate-induced rise in [Ca*"]; (Figure 4). After incubation
with 5 and 50 uM 8-Br-cAMP for 5 minutes, glutamate-in-
duced [Ca®"]; increased by 101.3 + 3.1% and 125.4 + 3.4%,
respectively (P < 0.01, vs. 50 uM glutamate group). After
incubation with ZD7288 for 20 minutes, 50 uM 8-Br-cAMP
increased the glutamate-induced rise in [Ca’"]; by 86.2 + 3.3%
(P <0.01, vs. 50 pM 8-Br-cAMP group). Treatment with 50
UM ZD7288 almost completely reversed the facilitation of
8-Br-cAMP in [Ca’']i.

Discussion

I, channels play important roles in regulating excitability
and rhythmic activity of neurons. I, channels are also im-
portant in synaptic modulation and plasticity. In a well-
known trisynaptic model of hippocampal circuitry, ZD7288
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depressed synaptic transmission at perforant path—granule
cell synapses by inhibiting postsynaptic glutamate receptors
(Chen, 2004). ZD7288-induced reduction of mossy fiber
LTP is due to its inhibition of neurotransmitter release (Mel-
lor et al., 2002). Our previous study demonstrated that I,
channels were also involved in Schaffer—CA1l pathway LTP
via inhibiting N-methyl-D-aspartate receptor function (He
et al., 2010). Here, we investigated the role of I, in synaptic
plasticity of the direct cortical projection to the hippocam-
pus. We focused on the perforant path—-CA3 synapse, the
major route of cortical projection to the hippocampal CA3
area, which mediates memory retrieval. In agreement with
previous studies indicating that perforant path inputs might
be capable of driving CA3 pyramidal cells to fire (Urban
et al., 1998; McMahon and Barrionuevo, 2002), our data
demonstrated that perforant path fiber stimulation induces
LTP, the average fEPSP amplitude being sustained at 282%
of baseline for over 1 hour. Furthermore, treatment with
7ZD7288 inhibited LTP induction and completely reversed
the established LTP, and the inhibitory effects were main-
tained for at least 1 hour.

In addition to blocking I, channels, which may result in
nonspecific inhibition of the postsynaptic glutamate recep-
tor, ZD7288 depresses LTP by inhibition of postsynaptic
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
and N-methyl-D-aspartate receptor-mediated responses
at the perforant path—granule cell synapse (Chen, 2004).
McMahon and Barrionuevo (2002) showed that perforant
path—CA3 LTP is N-methyl-D-aspartate receptor-depen-
dent. To investigate whether ZD7288-induced synaptic
depression is a specific consequence of I channel blockade,
we investigated whether its effects were similar to another
I, channel blocker, CsCl. Indeed, 1 mM CsCl produced a
comparable LTP-inhibiting effect to ZD7288, blocking LTP
induction when applied before high-frequency stimulation,
and reversing it when applied after high-frequency stimula-
tion. These data demonstrate that the induction and main-
tenance of LTP are both suppressed when I, channels are
blocked, suggesting that I, channels might directly partic-
ipate in the process of induction and maintenance of LTP.
However, the inhibitory effect of CsCl gradually attenuated
over time. As Cs' is a nonselective I, channel blocker, inhi-
bition of potassium channels may have contributed to this
attenuation.

I, channels are widely distributed in the nervous system,
and have been identified in mammalian presynaptic termi-
nals (Southan et al., 2000; Cuttle et al., 2001). The channels
are assembled as HCN,—HCN, subunits. HCN, and HCN,
are presynaptic and localized in the CA3 pyramidal cell layer
(Notomi and Shigemoto, 2004). Many previous studies have
revealed that functional presynaptic I, channels play signifi-
cant roles in synaptic transmission and long-term plasticity
by controlling transmitter release (Beaumont and Zucker,
2000; Mellor et al., 2002; Huang and Hsu, 2003). To explore
the possibility that ZD7288 depressed perforant path—CA3
pathway synaptic plasticity via a presynaptic mechanism, we
examined the effects of ZD7288 on glutamate release. We
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found that treated with ZD7288 before and after high-fre-
quency stimulation the glutamate content of hippocampal
cells was lower than that of the saline group, and CsCl (1
mM) also inhibited glutamate release. The increase in the
level of glutamate after high-frequency stimulation indi-
cated that the stimulation activated glutamatergic neurons.
However, the glutamate increase was not significantly dif-
ferent from control. It is probably because that the whole
hippocampus was used in this study to detect glutamate
content. Therefore, we further studied the effects of ZD7288
on glutamate release using cultured hippocampal neurons.
As predicted, ZD7288 markedly inhibited glutamate release
in the cultured cells. I; channels are activated not only by
hyperpolarization, but also by the gating of intracellular
cAMP levels. cAMP enhances the activity of I, channels by
directly binding to the channel or by indirect activation of
protein kinase A (Ltithi and McCormick, 1998; Abi-Gerges
et al., 2000; Mellor et al., 2002; Genlain et al., 2007). In-
creased intracellular cAMP and activation of protein kinase
A are essential for the generation of LTP (Pape, 1996; Mel-
lor et al., 2002). ZD7288 inhibits cAMP-triggered increases
of miniature excitatory postsynaptic current frequency by
blockade of I, channels (Genlain et al., 2007). Here, cCAMP
level was elevated by applying the cAMP analog 8-Br-cAMP
and the adenylyl-cyclase activator forskolin. We found that
both 8-Br-cAMP and forskolin increased glutamate release
in cultured hippocampal neurons. These results suggest
that I, channels are involved in glutamate release. ZD7288
inhibited LTP formation by depressing glutamate release
and by blocking I, channels.

Two mechanisms have been proposed to underlie I, chan-
nel modulation of glutamate release. One is associated with
Ca’*-induced Ca®" release from the store and suggests that the
activation of I, channels accompanied by Ca”* influx triggers
the process of modulation (Yu et al., 2004). The other pro-
posed mechanism is that I; channels directly couple to the re-
lease machinery in a calcium-independent manner (Beaumont
and Zucker, 2000). In the present study, to test whether the
ZD7288-induced inhibition of glutamate release was associat-
ed with intracellular calcium, glutamate was used as an activa-
tor to induce a rise in [Ca’"],, ZD7288 inhibited glutamate-in-
duced [Ca’"]; increases in a concentration-dependent manner
and reversed the 8-Br-cAMP-evoked rise in [Ca’'],. Our data
suggest that the inhibitory effect of ZD7288 on glutamate
release results from its attenuation of [Ca’'], The activation
of I, channels may enhance Ca* influx into the presynaptic
terminal by depolarization; the opening of voltage-dependent
calcium channels would, in turn, lead to persistent enhance-
ment of glutamate release. More research is needed to explore
the details of this proposed mechanism.

I, channels are involved in many diseases, including epilep-
sy, vascular dementia and peripheral neuralgia (Li et al., 2010;
Takasu et al., 2010; DiFrancesco et al., 2011). Ischemia is one
of the commonest damaging factors in the nervous system.
The excessive release of glutamate and the overload of intra-
cellular Ca** play key roles in ischemic neuronal death (Mori
et al., 2004; Zhao et al., 2006). Neuronal hyperexcitability

enhances calcium influx, which subsequently triggers the re-
lease of excitatory neurotransmitters, especially glutamate.
The excessive release of glutamate can lead to extra Ca®*
influx during ischemia. I, channels are involved in ischemic
lesions. Our previous studies showed that HCN; mRNA
and protein were decreased in chronic incomplete global
cerebral ischemia (Li et al., 2010). We propose that the I,
channel blocker ZD7288 inhibits both glutamate release
and the glutamate-induced rise in [Ca’];, which might
contribute to its neuroprotective effects under conditions
of cerebral ischemia.

In conclusion, the I, channel blocker ZD7288 can markedly
suppress LTP at perforant path—CA3 synapses. The inhibitory
effect is likely due to attenuating release of glutamate and glu-
tamate-induced [Ca*]; rise in rat hippocampal neurons.
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