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Temporal lobe epilepsy (TLE) is the most common type of focal epilepsy in humans,
and is often developed after an initial precipitating brain injury. This form of epilepsy is
frequently resistant to pharmacological treatment; therefore, the prevention of TLE is the
prospective approach to TLE therapy. The lithium-pilocarpine model in rats replicates
some of the main features of TLE in human, including the pathogenic mechanisms of
cell damage and epileptogenesis after a primary brain injury. In the present study, we
investigated changes in the properties of glutamatergic transmission during the first 3
days after pilocarpine-induced acute seizures in Wistar rats (PILO-rats). Using RT-PCR
and electrophysiological techniques, we compared the changes in the temporal cortex
(TC) and hippocampus, brain areas differentially affected by seizures. On the first day, we
found a transient increase in a ratio of a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) and N-methyl d-aspartate (NMDA) receptors in the excitatory synaptic
response in pyramidal neurons of the CA1 area of the dorsal hippocampus, but not
in the TC. This was accompanied by an increase in the slope of input-output (I/O)
curves for fEPSPs recorded in CA1, suggesting an enhanced excitability in AMPARs
in this brain area. There was no difference in the AMPA/NMDA ratio in control rats on
the third day. We also revealed the alterations in NMDA receptor subunit composition
in PILO-rats. The GIUN2B/GIUN2A mRNA expression ratio increased in the dorsal
hippocampus but did not change in the ventral hippocampus or the TC. The kinetics
of NMDA-mediated evoked EPSCs in hippocampal neurons was slower in PILO-
rats compared with control animals. Ifenprodil, a selective antagonist of GIUN2B-
containing NMDARs, diminished the area and amplitude of evoked EPSCs in CA1
pyramidal cells more efficiently in PILO-rats compared with control animals. These
results demonstrate that PILO-induced seizures lead to more severe alterations in
excitatory synaptic transmission in the dorsal hippocampus than in the TC. Seizures
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affect the relative contribution of AMPA and NMDA receptor conductances in the synaptic
response and increase the proportion of GIUN2B-containing NMDARs in CA1 pyramidal
neurons. These alterations disturb normal circuitry functions in the hippocampus, may
cause neuron damage, and may be one of the important pathogenic mechanisms of

TLE.

Keywords: NMDA receptors, hippocampus, temporal cortex, GluN2B-containing NMDA receptors, temporal lobe
epilepsy, pyramidal neuron, animal model

INTRODUCTION

Temporal lobe epilepsy (TLE) is the most common form of
epilepsy in humans accompanied with hippocampal sclerosis
(Curia et al, 2014). TLE is most frequently initiated by a
primary brain damage that occurred during infancy (Mathern
et al, 2002). This type of epilepsy is often resistant to
pharmacological treatment, and prevention of hippocampal
injury and epileptogenesis following a primary event might be a
strategic innovative approach to epilepsy therapy. Unfortunately,
the absence of clear data on the pathophysiological mechanisms
leading to epilepsy does not allow any rational therapy (Curia
et al., 2014). Therefore, it is essential to know in detail the
pathogenic mechanisms of cell damage and epileptogenesis. It
is suggested that the lithium-pilocarpine (PILO) model in rats
reproduces many features of human TLE and it is often used
experimentally to investigate the pathogenic mechanisms of TLE
(Turski et al., 1983, 1989; Cavalheiro, 1995; Curia et al., 2008;
Levesque et al., 2015; Malkin et al., 2016).

Due to the central function of o-amino-3-hydroxy-5-
methylisoxazole-4-propionic acid (AMPA) and N-methyl
d-aspartate (NMDA) glutamate receptors in excitatory
neurotransmission (Traynelis et al., 2010), these receptors play
a substantial role in the development of seizures; they are also
involved in neuron damage and epileptogenesis (Kortenbruck
et al.,, 2001; Porter et al.,, 2006; Borbely et al., 2009; Rogawski,
2011; Rajasekaran et al., 2012; Citraro et al., 2014; Zaitsev et al.,
2015). Multiple alterations in glutamatergic neurotransmission
following acute seizures have been reported, and in this study, we
focused mostly on the properties of NMDAR-mediated synaptic
currents.

The NMDARs are heteromeric assemblies of GluN1 and
GIluN2 (or GluN3) subunits; the GluN2 subunit is an critical
factor in the pharmacological and biophysical characteristics
of NMDARs and can influence NMDAR assembly, ion
conductance, and synaptic plasticity (Traynelis et al., 2010;
Shipton and Paulsen, 2014). The GluN2A subunit determines
a higher channel open probability, noticeably faster kinetics
than does the GluN2B subunit, which determines diminished
open probability and slower channel kinetics (Erreger et al.,
2005). An increasing number of experimental evidence suggests
that GluN2A and GIuN2B subunits play different roles in the
modulation of neuron excitability and the development of TLE
(Frasca et al., 2011; Di Maio et al., 2013; Loddenkemper et al.,
2014; Chen et al., 2016; Kryukov et al., 2016). For example, the
distinct role of GluN2A- and GluN2B-containing receptors in
epileptogenesis following PILO injection has been demonstrated

(Chen et al., 2007). It has also been shown that PILO injection
alters NMDAR gene expression (Di Maio et al, 2011). The
composition of the NMDAR subunit changes in chronic epilepsy,
with synaptic GluN2B-containing receptors being predominant
in the epileptic neurons of the hippocampus (Klatte et al., 2013).
Phosphorylation of GluN2B Tyr1472 increases after prolonged
febrile seizures and remains elevated for 7 days after that (Chen
etal., 2016). Pentylenetetrazole (PTZ)-induced status epilepticus
(SE) and PTZ-kindling also upregulate the expression of
NMDAR GIluN2B subunits in the hippocampus (Zhu et al., 2015;
Postnikova et al., 2017). Our previous studies have demonstrated
that PILO-induced SE disturbs the functional properties of
NMDARs, and these alterations in synaptic transmission may
contribute to the patogenesis of epilepsy and impairment of
long-term hippocampal synaptic plasticity (Kryukov et al., 2016;
Ivanov and Zaitsev, 2017).

In the present study, we investigated the after-effects of PILO-
induced acute seizures on glutamatergic synaptic transmission
in 3-week-old Wistar rats. We also compared the changes
in the temporal cortex (TC) and the dorsal (DH) and
ventral hippocampus (VH), brain areas differentially affected
by seizures. We found that in hippocampal pyramidal neurons,
the AMPA/NMDA ratio transiently increases after SE, as does
the relative contribution of GluN2B-containing receptors in an
NMDAR-mediated component of the glutamatergic response.
None of these changes were detected in pyramidal neurons of
the TC.

METHODS

Animal Preparation

The experiments were carried out on 3-week-old Wistar rats.
All animal procedures followed the guidelines of the European
Community Council Directive 86/609/EEC and were approved
by the Animal Care and Use Committee of the Sechenov Institute
of Evolutionary Physiology and Biochemistry of the Russian
Academy of Sciences. On the first day of the experiment, LiCl
(127 mg/kg; intraperitoneally (i.p.); Sigma-Aldrich, St. Louis,
MO, USA) was administered to the rats (PILO-rats). On the
second day, to reduce the peripheral muscarinic effects, methyl-
scopolamine (1 mg/kg, i.p., Sigma-Aldrich) was administered,
and 30-50min later rats were injected with a single dose
of muscarinic agonist pilocarpine dissolved in 0.9% NaCl
(30mg/kg, i. p.; Sigma-Aldrich) (Curia et al., 2008). In all rats
included in the study, the pilocarpine-induced seizures lasted
more than 30 min, usually 2-3 h (experimental status epilepticus,
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SE). Rats typically exhibited repeated head cloning movements,
rearing and falling.

Control group consisted of rats injected with vehicle (RNA
extraction, N = 7 rats; electrophysiology: patch-clamp recordings
in TC, N = 9; in hippocampal area CA1, N = 7; field recordings
in CAl, N = 6 rats). PILO-rats were sacrificed at the two time
intervals following PILO administration: 24 h (RNA extraction,
N =7, electrophysiology: patch-clamp recordings in TC, N = 7;
in CAl, N = 8; field recordings in CAl, N = 6); 3 days (RNA
extraction, N = 7, electrophysiology: patch-clamp recordings in
TC, N = 8; in CAl, N = 8; field potential recordings in CAl,
N = 3). The brain of the same rat was typically used for both
patch-clamp and field potential recordings.

RNA Extraction and Real-Time
Quantitative PCR

Rats were sacrificed and their brains were quickly removed and
kept frozen at —80°C before RNA isolation. Brain region samples
of temporal cortex (TC), dorsal (DH), and ventral parts of the
hippocampus (VH) were dissected at —20°C using rat brain atlas
(Paxinos and Watson, 2006). Extraction of total RNA was done
with TRI Reagent (MRC, USA). Spectrophotometric method was
employed to estimate the quality and quantity of RNA from
each sample. Total RNA (2 pg) was converted to cDNA using
oligo (dT) primer and M-MLYV reverse transcriptase (Promega,
Madison, WI, USA). Real-time quantitative polymerase chain
reaction (qQPCR) of GluN1 (GenBank NM_017010), GluN2a
(GenBank NM_012573), GluN2b (GenBank NM_012574), and
housekeeping gene Cyclophilin A (CycA, Ppia, GenBank
NM_017101) was done with the TagMan probes and the Bio-Rad
CFX96 TouchTM Real-Time PCR Detection System (Bio-Rad
Laboratories, Inc., USA). Primer and probe nucleotide sequences
were synthesized by Alcor Bio Co (St. Petersburg, Russia) and
shown in Table 1. Results were standardized to the housekeeping
gene CycA and expressed as relative fold compared to control
animals using the 2724Ct method (Livak and Schmittgen, 2001).

Slice Preparation

The brain slice preparation was described previously in details
(Kryukov et al, 2016; Malkin et al, 2016). A vibrating
microtome (Microm HM 650 V; Microm; Germany) was used
to cut horizontal 300-pum-thick slices that contained TC and
hippocampus. Artificial cerebrospinal fluid (ACSF) with the
following composition (in mM): 126 NaCl, 24 NaHCO3, 2.5 KCl,
2 CaCl,, 1.25 NaH,;POy, 1 MgSOy, and 10 dextrose were used
through all steps. The ACSF was aerated with the gas mixture of
95% O, and 5% CO,.

Patch-Clamp Recordings

Recordings were performed at 30°C. Pyramidal neurons in deep
layers of the TC or CAl-hippocampus were visualized using
a Zeiss Axioscop 2 microscope (Zeiss; Oberkochen, Germany)
equipped with differential interference contrast optics and a
video camera (PointGrey Grasshopper3 GS3-U3-23S6M-C, FLIR
Integrated Imaging Solutions Inc., USA). Patch electrodes (3-5
MQ) were pulled from borosilicate glass capillaries with filaments
(Sutter Instrument; Novato, CA, USA) on a P-1000 Micropipette

Puller (Sutter Instrument). A cesium methanesulfonate-based
solution (composition, in mM: 127 Cesium methanesulfonate, 10
NaCl, 5 EGTA, 10 HEPES, 6 QX314, 4 ATP-Mg, and 0.3 GTP; pH
was adjusted to 7.25 with CsOH) was used in the experiments.

Whole-cell recordings were performed with Model 2400 (AM-
Systems; Sequim, WA, USA) patch-clamp amplifier, and an NI
USB-6343 A/D converter (National Instruments; Austin, TX,
USA) using WinWCP5 software (SIPBS; Glasgow, UK). The
data were filtered at 10 kHz and sampled at 20 kHz. In all cells
included to the sample, access resistance was <15 M and
remained stable (<20% increase) across the experiment. The
liquid junction potential was estimated as described previously
(Neher, 1992), and the holding potential was compensated offline
for voltage-clamp recordings by subtracting 7 mV.

The synaptic responses were evoked extracellularly. The
stimulating glass monopolar electrode was placed in the same
layer of the TC as the recorded neuron and on Schaffer
collaterals for CA1 pyramidal neuron at a distance of 100-200
pm in both cases. Excitatory postsynaptic currents (EPSCs) were
recorded at various holding voltages from —107 to +33 mV
with a step of 20mV. We recorded AMPAR- and NMDAR-
mediated synaptic currents in the presence of bicuculline (20 WM,
Tocris Bioscience, Bristol, UK). Next, isolated NMDAR-mediated
EPSCs were recorded in presence of DNQX (20 uM, Tocris
Bioscience) and bicuculline (20 wM). These synaptic currents
were completely abolished with AP-5 (50 M, Tocris Bioscience).
In some neurons isolated AMPAR-mediated synaptic currents
were recorded in the presence of AP-5 (50 wM), MK-801 (18
ILM), and bicuculline (20 wM).

Estimation of AMPAR- and

NMDAR-Mediated Conductances

To assess the relative impacts of AMPA and NMDA receptors
during evoked response in each neuron, we implemented
the mathematical approach described in our previous study
(Amakhin et al., 2016).

First, we explored the I-V relationships for NMDAR- and
AMPAR-mediated synaptic currents.

The voltage dependence of NMDA currents (peak amplitude
vs. voltage) was investigated for each included neuron. The I-
V curves were well approximated with the Boltzmann function
(Jahr and Stevens, 1990; Harnett et al., 2015):

8inf

——— (U— VNumpa), (1)
1+ exp (sz—U)

Inmpa (U) =

where g;,,s is the receptor conductance without the Mg?* block
as U approaches infinity; Vi, and k determine the voltage
dependence of the Mg?* block of NMDARs; and Viupa is the
reversal potential. 8inf> VNMDA> V12 and k were allowed to vary
during the approximation.

To introduce a conductance of NMDAR channels, Equation
(1) was rewritten as following:

Inmpa(U) = gnmpa fampa (U), 2)
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TABLE 1 | Nucleotide sequences of primers and probes.

Gene Forward primer (5 —3') Revers primer (5’ —3') Probe (5’ —3)

GIuN1 GTTCTTCCGCTCAGGCTTTG AGGGAAACGTTCTGCTTCCA CGGCATGCGCAAGGACAGCC
GluN2a GCTACACACCCTGCACCAATT CACCTGGTAACCTTCCTCAGTGA TGGTCAATGTGACTTGGGATGGCAA
GluN2b CCCAACATGCTCTCTCCCTTAA CAGCTAGTCGGCTCTCTTGGTT AGACGCCAAACCTCTAGGCGGACAG
CycA AGGATTCATGTGCCAGGGTG CTCAGTCTTGGCAGTGCAGA ACACGCCATAATGGCACTGGTGGCA
where gnppa = ‘Hf’iiUDA is the NMDAR conductance as ~ Where Apagiine and Ajfuprodi are the average eEPSC amplitudes

U— 400
the membrane voltage level approaches infinity, and fympa (U)

is the voltage-dependent factor of Equation (1).

In some neurons, we investigated the I-V relationship of
AMPAR-mediated current; it was found to be linear and to have
the following form:

Iampa (U) = gampa (U — Vampa) » (3)

where Vappa is the reversal potential of AMPA current and
gampa is the conductance of postsynaptic AMPARs. For each
recorded cell the assumed value of Vappa was set equal to the
experimentally obtained value of Viuypa.

Next, to estimate the AMPAR- and NMDAR-mediated
conductances we used the eEPSCs recorded at various holding
potentials from —107 to +33 mV with a step of 20 mV. The
I-V curves were obtained every 300 pus. AMPAR- and NMDAR-
mediated conductances were estimated by fitting each I-V curve
obtained from the set of responses with a two-parameter function
of the total current (I;yz4):

Liotat (Us gampa» gnmpa) = gnmpa fnmpa (U)
+gampa (U — Vampa) , (4)

where fyympa (U) is the function from Equation (2).
Conductances were allowed to vary in a positive range only.
The least-square method was utilized to find a good estimate of
conductances using Wolfram Mathematica 10 (Champaign, IL,
USA).

To compare the time course of NMDAR-conductance before
and after the block of AMPARs, we estimated the latter by fitting
the I-V curves obtained from the set of responses in the presence
of DNQX with a single parameter function of the total current:

Liotal (Us gnmpa) = gnmpa fumpa (U) (5)

Analysis of Properties of the

NMDAR-Mediated Evoked EPSCs

The contribution of GluN2B-containing NMDARs was estimated
using a selective antagonist of GluN2B-containing NMDARs,
ifenprodil (3 WM, Tocris Bioscience). Pharmacologically isolated
NMDAR-mediated eEPSCs were recorded in cortical and CA1
pyramidal neurons at +33mV before and after 12min of
exposure to ifenprodil. A relative block of NMDAR-mediated
current was calculated:

Abaseline — Aj ,
Block = 100% x baseline ifenprodil

; (6)

Apaseline

(pA) or areas (pC) before (at the baseline) and 12 min after
ifenprodil administration, respectively.

Kinetics of NMDAR-mediated eEPSCs at +33 mV was
estimated using non-linear regression analysis on the decay
phase (10-90%; Szinyei et al., 2003; Gonzalez-Burgos et al.,
2008). We utilized both biexponential (Equations 7, 8) and
monoexponential functions (Equation 9).

t
I (t; Afa5t> rfasnAslow’ Tslow) = Afast * €xp (_ )
Tfast

t
+Aglow * exp <_ 4 ) (7)
slow

or

t t
I (t; Afast’Aslow) = Afast * €xp <_%> + Aglow * €xp <_ﬁ> >
(®)

where Af and 7, are the amplitude and time constant of fast
decaying component; Ay, and 7y, are the amplitude and time
constant of slow decaying component.

I(t; A, T) = A% exp (—%) %)

where A and t are the amplitude and time constant of the
response.

The Akaike information criterion (AIC) was used as a measure
of the relative accuracy of the approximation.

The weighted time constants were calculated using the
following formula:

Tfast * Afast + Tlow * Aslow
Afast + Asiow

Tweighted = > (10)

Where Agast, Tiast, Aslow and Tg,,, were obtained by fitting the
decay phase of the response with Equation (7).

The relative contribution of the slowly decaying component
was calculated as following:

Aslow

RC = —
slow Afast + Aslow

(11)

where Agg and Ay, are the amplitudes of the fast and slow
decaying components, respectively, which were obtained by
fitting the decay phase of the response with Equation (8).

Frontiers in Cellular Neuroscience | www.frontiersin.org

August 2017 | Volume 11 | Article 264


http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Cellular_Neuroscience/archive

Amakhin et al.

Alterations of Glutamatergic Transmission Following Seizures

Recording and Analysis of Field Excitatory

Postsynaptic Potentials

Slices were transferred to the recording chamber. The field
excitatory postsynaptic potentials (fEPSP) were recorded in
stratum radiatum of CAl area with a glass microelectrode
filled with ACSF (0.2-1.0 M€2). Field potentials were registered
with Model 1800 amplifier (AM-Systems), and an NI USB-
6211 A/D converter (National Instruments) using WinWCP5
software (SIPBS). A bipolar twisted stimulating electrode made
of insulated nichrome wire (0.1 mm in diameter) was mounted in
stratum radiatum, in the region of the Schaffer collateral pathway,
between areas CA2 and CA1l of the rat hippocampus. The
stimulation was performed with rectangular pulses (duration,
0.1 ms) every 20 s using constant current stimulus isolator A365R
(WPI, Sarasota, FL, USA).

The dependence of field response amplitude on stimulus
strength was determined by increasing the current intensity
from 25 to 250 pwA at a pace of 25 LA, and the amplitudes
of the presynaptic fiber spike (fiber volley, FV) and fEPSPs
were measured. Recordings were analyzed using Clampfit 10.0
(Molecular Devices Corporation, USA). The plot of the fEPSP
amplitude against current intensity was fitted with a sigmoidal
Gompertz function (Equation 12) using OriginPro 8 (OriginLab
Corporation, Northampton, MA, USA):

y= ae_e(fk(xf»cc))) (12)
where a is an asymptote of maximum fEPSP amplitude (in mV);
eis Euler’s Number (e = 2.71828...); k and x, are positive numbers
describing the shape of the curve; x, is a value of current (in pA)
at which the maximum slope of the curve is observed; ak/e is a
maximum slope of the curve (in mV/pA).

We use the predicted values from that curve for each slice to
add to group data.

Statistics

Statistical analysis and plotting were conducted using SigmaPlot
12.5 software (SYSTAT Software; San Jose, CA, USA). Dixon’s
Q test (at 90% confidence) was used for rejecting the outliers.
Normality of sample data was evaluated with the Kolmogorov-
Smirnov test. Equality of variance was assessed with the Levene
median test. For data that had the normal distribution and
passed equal variance test, we applied Student’s ¢-test and one-
way ANOVA following with Dunnett’s post hoc test. For data that
did not pass the normality test, we used Kruskal-Wallis one-way
ANOVA on Ranks test. The results are expressed as a mean £
standard error of the mean (stardard deviation).

RESULTS

Changes of Relative Contribution of
AMPARs and NMDARs in Synaptic
Response following PILO-Induced SE

First, we evaluated whether the relative contribution of
AMPAR- and NMDAR-mediated synaptic conductances changed
following SE in the pyramidal neurons of the two brain regions

(TC and hippocampus) involved in TLE. For this purpose,
we evoked EPSCs in cortical and CAl pyramidal neurons
in slices obtained from control animals and PILO-rats. We
recorded EPSCs at various holding potentials (Figures 1A,B). In
the presence of bicuculline, the responses of cortical neurons
frequently had polysynaptic components, even if we used the
minimum stimulation. In contrast, the polysynaptic responses
were rare in hippocampal neurons. We included in the analysis
only the responses with a clearly distinct monosynaptic peak
(Figure 1A, monosynaptic peaks are marked with arrows).

To estimate the AMPAR- and NMDAR-mediated synaptic
conductances, we built a set of I-V curves at various time points
from the stimulus (Figure 1C) and fitted them with Equation
(4) using the conductances gappa and gnmpa as coefficients.
Next, we plotted the calculated conductances as functions of time
for cortical and hippocampal neurons (Figure 2A). The obtained
functions of time indicated that NMDAR-mediated conductance

+33 mV

\‘2‘ 3
(o]
—— (1) 9 ms from stimulus 1000 1
-0 (2)16.5ms 750
—@— (3)24ms
o (4)84ms 500 |
-0 (5)169 ms 250 /2
O— T T —

"0 20 40mvV

-500
-750
-1000 A
-1250 -

FIGURE 1 | Evoked EPSCs in pyramidal cells of TC and hippocampus. (A) A
representative example of evoked EPSCs recorded in the TC pyramidal cell in
control rat at different holding voltages (from +33 to —87 mV with 20 mV
increment). Stimulus artifacts were digitally subtracted. Note that the
responses have clearly distinct monosynaptic peaks (marked with gray
arrows). (B) Evoked EPSCs recorded in the CA1 pyramidal cell in control rat.
Note the absence of polysynaptic components of the response. Vertical lines
indicate the time points at which -V relationships are shown in C. (C) I-V
relationships obtained at different time point after stimulation. Note that at the
beginning (9 ms from the stimulus) |-V is aimost linear and is similar to AMPA
channel |-V curve, later it resembles curve for the conductance elicited by
NMDA receptors.
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FIGURE 2 | Changes in AMPAR/NMDAR conductance ratios in PILO-rats. (A) The estimated conductances as functions of time for TC neurons (left, an average of 9
cells) and CA1 neurons (right, an average of 8 cells). Arrows on the right plot indicate the monosynaptic peaks of AMPAR- and NMDAR-mediated conductances,
which were used to assess the ratios on (B). The red line represents the time course of AMPAR conductance; the black line is calculated NMDAR conductance during
the evoked EPSCs; and the gray line—NMDAR conductance after the block of AMPARs. (B) Peak AMPAR/NMDAR conductance ratios for TC (left) and CA1 neurons
of control (Control) and PILO-rats sacrificed at the following time intervals after PILO administration: Pilo 1 — 24 h, Pilo 3 — 3 days. An asterisk (*) indicates significant
difference (p < 0.05) with the control group (Dunnett’s post hoc test, multiple comparisons vs. control group). (C) The time course of AMPAR- and NMDAR-mediated
conductances during the evoked response in the hippocampal pyramidal neurons in control and PILO-rats. A gray area shows the standard error.

peaks with a delay of 16.9 & 1.6 (7.5) ms (n = 22) after the peak  and NMDARs (black line) and in pharmacologically isolated
of AMPAR-mediated conductance. NMDAR-mediated eEPSCs (gray line). The latter remained true
To confirm our calculations experimentally, we used DNQX,  for hippocampal neurons: the estimated peaks of NMDAR-
a selective AMPAR antagonist. The DNQX completely abolishes =~ mediated conductance within the responses of both glutamate
the polysynaptic components of the response in the cortical  receptors and only NMDARs were the same (paired t-test, p >
pyramidal neurons, but it does not affect the properties of  0.05).
the monosynaptic NMDAR-mediated component. No significant Next, we calculated the ratio of monosynaptic peak
differences (paired t-test, p > 0.05) were found between the  conductances (AMPA/NMDA ratio) to assess the relative
time and amplitude of the peaks of the monosynaptic NMDAR-  contribution of AMPAR- and NMDAR-mediated synaptic
mediated conductance in eEPSCs mediated by both AMPARs  conductance during the evoked response. We found that, in
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control animals, the AMPA/NMDA ratio ranges from 0.3 to 0.6
in both the cortical and the hippocampal neurons (Figure 2B);
no significant difference was observed between these areas
(paired t-test, p > 0.05). On the day after the PILO-induced SE,
the ratio significantly increased in the hippocampal neurons and
returned to its control value by the third day [one-way ANOVA,
Fp, 19y = 4.30, p = 0.03, followed by Dunnett’s post hoc test,
Figure 2B]. No changes in the AMPA/NMDA ratio following
SE were found in cortical neurons [one-way ANOVA, F(, ) =
0.844, p = 0.45].

In addition, we compared the time course of AMPAR- and
NMDAR-mediated conductances during the evoked response
in the hippocampal pyramidal neurons in control and PILO-
rats (Figure 2C). We analyzed the overall dynamics of estimated
conductances (absolute peak amplitudes, rise times, half-widths,
decay times, and positions of the peaks). However, no other
significant changes were detected in the measured parameters
following SE.

This alteration in the AMPA/NMDA ratio might be attributed
equally to the augmentation of AMPAR-mediated conductance
and to the reduction of NMDAR-mediated conductance. To test
these possibilities, we built the input-output (I/O) curves for the
fEPSP recorded in CA1l (Figure 3). A stimulating electrode was
placed on the slice to activate the Schaffer collaterals. Because
the contribution of NMDARs to fEPSP is relatively small, any
differences in I/O curves are dependent specifically on AMPAR-
mediated input (Woolley et al., 1997). We found that the slope
of the I/O curves and the predicted maximum amplitude of
fEPSPs increase on the first day after SE [Figures 3B,D, one-way
ANOVA followed by Dunnett’s post hoc test; slope: F, 2y = 6.58,
p < 0.01, control —6.25 £ 1.01 (2.86) mV/LA, n = 8 vs. Pilo 1D
-9.97 & 1.26 (3.78) mV/pA, n = 9; amplitude: F(y, 5) = 7.32,
p < 0.01, control - 1.07 £ 0.19 (0.54) vs. Pilo 1D - 1.72 £ 0.14
(0.42) mV] and return to control value on the third day [slope:
5.56 = 0.58 (2.17) mV/pA; amplitude: 1.14 £ 0.08 (0.30) mV,
n = 14]. The change in the slope of the I/O curves may be due
to the increased presynaptic activation of the fibers. To test this
possibility, we investigated the relationship between the stimulus
strength and the amplitude of FV (Figure 3C). FV represents a
summation of many spikes that arrive at the CA1 region after
Schaffer collateral stimulation. We did not find any difference
between the curves obtained in the control and experimental
groups [the slope of linear approximation was analyzed with one-
way ANOVA: F(, 16 = 0.35, p = 0.7]. These results suggest that
the excitability of Schaffer’s collaterals does not change following
PILO-induced SE and, therefore, a steeper slope in the I/O curve
indicates that AMPAR conductance increases on the first day
following SE.

Changes in Expression Level of NMDA
Receptor Subunit mRNAs following
PILO-Induced SE

To estimate the effects of seizures on the expression level of
NMDAR subunit mRNAs, we performed qPCR for GluN1,
GluN2A, and GIluN2B subunits in two hippocampal areas (DH
and VH) and in the TC of the control and PILO-rats, 1 and

3 days after PILO administration. We observed that PILO-
induced SE differentially affected hippocampal and cortical
mRNA expression (Figure 4). Pilocarpine-induced SE increases
the mRNA level of the GluN1 subunit in the TC [one-way
ANOVA, F(,, 17y = 4.02; p < 0.05], but not in the hippocampus
[DH: Fy, 17) = 1.53; p = 0.25; VH: F(, 17 = 0.38; p = 0.69].
The increase of GluN1 expression in the TC reaches a significant
level on the third day after SE (Dunnett’s post hoc test, p < 0.05).
Because GIuN1 is an obligate subunit, its overexpression may
indicate an increase in the total number of NMDARs in the TC on
the third day after SE. In line with this observation are changes in
GluN2A and GluN2B expression, which had similar tendencies
to those of GluN1 [one-way ANOVA, F(;, 15) = 3.092; p = 0.07;
and F(y 17) = 2.907; p = 0.08, respectively].

We did not find any changes in the mRNA expression of
the NMDAR subunits examined in either the DH or the VH.
However, we found a growth in the GluN2B/GIuN2A expression
ratio in the DH [one-way ANOVA, F(, 13y = 4.04; p < 0.05],
which reached a significant level on the first day after SE
(Dunnett’s post hoc test, p < 0.05). This observation suggests that
changes in the subunit composition of NMDARSs are very likely.

Changes in Kinetics of NMDAR-Mediated

EPSCs Following SE

The GluN2A-NMDARs exhibit higher channel open probability
and faster kinetics than the GluN2B-containing receptors
(Erreger et al.,, 2005; Sun et al,, 2017). Therefore, changes in
NMDAR subunit composition might be detected by the kinetic
properties of the NMDAR synaptic current. We performed
non-linear regression analysis on the decay phase (90-10%)
of the NMDAR-mediated current at +33 mV as described in
the Methods section. The current decays were better fitted
with the biexponential function Equation (7) than with the
mono-exponential one (Equation 9, Figure 5A); therefore, in
subsequent analyses, we utilized only the parameters obtained
using the bi-exponential fit. The average t7,,; was about 60 ms and
the average ty,,, was about 300 ms (Figure 5B). No significant
differences were found between TC- and CAl-neurons in the
corresponding time constants (¢-test, p > 0.05 for both fast and
slow time constants). Next, we calculated the weighted decay
time constant using Equation (10) and analyzed its changes
after PILO-induced SE (Figure 5C). No significant changes were
detected in TC neurons [one-way ANOVA, F, 15 = 0.72, p
= 0.50], while in CA1 pyramidal neurons, an increase in the
weighted time constant was detected [one-way ANOVA, F(,, 50
=3.98, p < 0.05]. The increase reached a significant level on the
first day after SE (Dunnett’s post hoc test, p < 0.05), indicating
that the decay phase slowed down after SE. These data are in line
with the possibility that the percentage of GluN2B-containing
receptors in hippocampal synapses increases following SE.

The Effects of Ifenprodil on
NMDAR-Mediated EPSCs

Next, we tested this possibility by investigating the effect of
a selective GluN2B-containing NMDAR antagonist, ifenprodil
(3 wM), on the evoked NMDAR-mediated EPSCs in the TC
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FIGURE 3 | Amplitudes of fEPSPs are enhanced in PILO-rats. (A) Representative examples of fEPSPs recorded in the CA1 hippocampus of control and PILO-rats in
1 day (Pilo D1) and 3 days (Pilo D3) after administration of the drug. (B) and (C) Input-output (I/O) curves for the fEPSPs (B) and fiber volleys (C). (D) Bar graphs
showing maximum slope of I/O curves for the fEPSPs (left) and predicted maximum amplitude of fEPSPs (right). An asterisk (*) indicates significant difference
(o < 0.05) with the control group (Dunnett’s post hoc test, multiple comparisons vs. control group).

and DH (Figure 6A). In the control, application of ifenprodil
decreased both eEPSC amplitude (by 30% in cortical and 15% in
hippocampal pyramidal neurons, Figure 6B, black bars) and area
(by 45% in the TC and 25% in the DH, Figure 4B, gray bars). In
both brain areas, the magnitude of the ifenprodil block changed
following PILO-induced SE [one-way ANOVA, amplitude: TC,
F(Z, 17) = 5.50; p < 0.05; DH, F(Z, 18) = 3.57; p < 0.05; area: TC,
F(z) 17) = 542,p < 005, DH, F(z) 17) = 414,p < 005, Figul‘e 6B],
but post hoc analysis confirmed changes only in the hippocampus.
The observed increase in ifenprodil efficiency is consistent with
the increase in the GluN2B/GluN2A expression ratio in synapses
following SE.

Next, we analyzed the effect of ifenprodil on the NMDAR-
mediated current decay kinetics in more detail. We found that
ifenprodil did not change the values of the fast and slow time

constants (Figure 7A, paired t-test, p > 0.05 in all cases), but
did change the impact of the fast and slow components. Thus,
to reduce the number of parameters in a fit and to force all the
potential changes in subunit composition to display themselves
as changes in amplitudes of the slow or fast time constants, we
utilized Equation (8) for fitting the decays of NMDAR-mediated
currents. We found that ifenprodil reduces the amplitude of the
slowly decaying component more than it reduces the amplitude
of the rapidly decaying component (paired t-test, p < 0.05
in all cases, Figure7B). This finding indicates that we can
assess the relative contribution of GluN2B-containing NMDARs
in synaptic response by calculating the proportion of slower
decaying components with Equation (10). The results of this
estimation are presented in Figure 7C. No significant changes
in the relative contribution of the slowly decaying (and more
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FIGURE 4 | Quantitative real-time PCR analysis of NMDAR subunit mRNA. The mRNA expression of GIuN1 subunits (first column), GIUN2A subunits (second
column), GIuN2B subunits (third column) and GIUN2B/GIUN2A expression ratio (fourth column) in dorsal hippocampus (top), ventral hippocampus (middle), and
temporal cortex (bottom) of control (Contr) and PILO- rats sacrificed in 1D — 24 h, 3D — 3 days after PILO administration. For datasets with detected significant
differences, the corresponding one-way ANOVA results are presented in the chart. Asterisks (*) indicate significant difference (o < 0.05) from the control group
(Dunnett’s post hoc test, multiple comparisons vs. control group).

ifenprodil-sensitive) component were found in the TC [one-way
ANOVA, F(5 17y = 0.43, p = 0.66], while in CA1, we detected
an increase [one-way ANOVA, F(; 19y = 4.07; p = 0.03]. The
increase reached significant levels on the first and third day after
PILO-induced SE (Dunnett’s post hoc test, p < 0.05 in both cases).

Taken together, these facts indicate that SE increases
the proportion of synaptic GluN2B-containing NMDARs in
hippocampal pyramidal neurons.

DISCUSSION

TLE is frequently initiated by a primary brain damage during
infancy (Mathern et al., 2002), therefore, we performed present
study using the 3-week-old rats. We investigated changes during
the first 3 days after seizures, the beginning of the latent
period, which is considered as period of epileptogenesis (Curia

et al,, 2008). The major finding of this study is that PILO-
induced SE leads to more severe alterations in excitatory
synaptic transmission in the hippocampus than in the TC.
In the hippocampus, it affects both the relative contribution
of NMDA-receptor conductance in synaptic response and the
subunit composition of NMDARs. Status epilepticus increases
the proportion of GluN2B-containing NMDARs in synapses,
which may affect normal circuitry functions.

Changes in the AMPA/NMDA Ratio
following SE

We have demonstrated that in CAl pyramidal neurons, the
AMPA/NMDA peak conductance ratio transiently increases on
the first day after PILO-induced SE. To estimate the conduction
ratio we used a modification of the most basic method (Borg-
Graham et al., 1998; Anderson et al., 2000; Monier et al., 2008;
Ziburkus et al., 2013), which implies intracellular measurements
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FIGURE 5 | Kinetics of NMDAR-mediated evoked EPSC slow down in PILO-rats. (A) A representative 90-10% decay phase of NMDAR-mediated evoked EPSC fitted
with various functions. The black line is a double exponential fit with Equation (7) (time constant were allowed to vary during approximation, resulting in tzgt = 56 ms,
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with constrained time constants produces an approximation which is indistinguishable from the one produced by an Equation (7) and produces a much better fit
(smaller AIC) than monoexponential function [Equation (8), red line]. (B) In both brain regions the average fast and slow time constants obtained by fitting with Equation
(7) are significantly different. Asterisks (*) indicate significant difference (o < 0.05) between the fast and slow time constants (paired ¢-test). (C) In both brain regions,
the partial block of evoked EPSC by ifenprodil does not significantly affect the time constants (paired t-test).

of currents at various levels of membrane potential. The
primary method assumes only two types of synaptic input
(excitatory and inhibitory), known reversal potentials for both
excitatory and inhibitory currents, and synaptic currents linearly
dependent on voltage. Algebraic calculations provide estimates
for the corresponding conductances if the synaptic responses
are recorded at two or more different membrane potentials.
However, the primary method cannot be utilized to distinguish
between NMDAR- and AMPAR-mediated synaptic inputs as they
have close reversal potentials and different form of I-V curves.
To find the conductances we have to know the mathematical
description of I-V curves for each current. We used a linear
function for AMPAR-mediated current and the Boltzmann

function (Jahr and Stevens, 1990; Harnett et al., 2015) for
NMDAR-mediated current. The main difference of this approach
from the one utilized in our previous study (Amakhin et al., 2016)
is that reference I-V relationship for NMDAR-mediated current
(fnmpa (U) in Equations (1) and (2) was not pre-recorded
in a separate set of experiments but was obtained for every
recorded cell individually, thus allowing us to account for slight
variations of individual shape of I-V relationships in order to
perform a more accurate estimation of synaptic conductances. I-
V curves for isolated NMDAR-mediated currents were obtained
in presence of inhibitors of GABAA (bicuculline) and AMPA
(DNQX) receptors. Although DNQX may also partially inhibit
NMDARs (Pellegrini-Giampietro et al., 1989; Patel et al., 1990;
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Rao et al., 1990; Kubicki et al., 1996), it should not change the
shape of I-V curve and, therefore, it does not affect the estimation
of conductances.

The reported alteration in the AMPA/NMDA peak
conductance ratio can be equally attributed to the augmentation
of AMPAR-mediated conductance and the reduction of
NMDAR-mediated conductance. Recent findings indicate that
the first option is most likely. During SE, AMPAR-mediated
transmission is enhanced (Abegg et al, 2004; Rakhade et al.,
2008; Joshi et al., 2017). Our measurements of the I/O curve
slope for fEPSP recorded in CAl also suggest that AMPAR
conductance increases on the first day following SE.

It is assumed that the enhanced synaptic AMPAR-mediated
transmission is in part due to the increased surface expression
of the GluA1 subunit (Abegg et al., 2004; Joshi et al., 2017) and
some posttranslational modifications of the AMPARs (Rakhade
et al., 2008). In our previous study, we also found a similar
increase in GluAl-containing AMPARs in medial prefrontal
cortex pyramidal neurons following PILO-induced SE (Malkin
et al,, 2016). Electrophysiological data obtained with the use
of different models of epilepsy also suggest the insertion
of GluA2-lacking calcium-permeable AMPARs in synapses of

pyramidal cells after epileptic seizures (Prince et al., 2000;
Sanchez et al., 2001; Rajasekaran et al., 2012; Joshi et al.,
2017). The transient expression of such receptors may be an
important element of the seizure-induced hyperexcitability that
constitutes epileptogenesis. It could sustain SE by increasing
neuronal synchronization and could thus facilitate the spread
of seizures (Joshi et al., 2017). Although we did not investigate
if Pilo-treated rats developed spontaneous recurrent seizures,
according to the previously published ontogenic studies of a
lithium-pilocarpine model of epilepsy, most of 21 day-old rats
injected with lithium-pilocarpine became epileptic (Hirsch et al.,
1992; Dube et al., 2001). Expression of these receptors prolongs
elevation of internal calcium concentration levels, which can
contribute to the epileptogenesis through the expression of some
calcium-modulated transcription factors (Raza et al., 2004). The
insertion of calcium-permeable AMPARSs after seizures can also
provoke the delayed neurodegeneration (Pellegrini-Giampietro
et al., 1997; Grooms et al., 2000), which has been reported
in different animal models (Curia et al., 2014). In line with
the suggestion that enhanced excitability in AMPARs might
be a reason for neurodegeneration, our finding is that the
AMPA/NMDA peak conductance ratio in TC pyramidal neurons
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FIGURE 7 | Effects of ifenprodil on fast and slow components of NMDAR-mediated EPSCs. (A) Ifenprodil does not change the values of the fast and slow time
constants. (B) Ifenprodil differentially affects the fast and slow time constants, obtained by fitting the decay phase of EPSC with Equation (9). In TC and CA1 in control
and PILO rats ifenprodil blocked the fast component of EPSC to a greater extent than the slow component. Asterisks (*) indicate significant difference (p < 0.05)
between the relative block of fast and slow components (paired t-test). (C) The relative contribution of the slow ifenprodil-sensitive component to the decay of EPSC
changes after SE. Asterisks (*) indicate significant difference (p < 0.05) from the control group (multiple comparisons vs. control group, Dunnett’s test).
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does not change after SE. In a lithium-pilocarpine model of
epilepsy, the histopathological alterations are more severe in the
hippocampus than in neocortical areas (Curia et al., 2008).

The enhanced excitability in AMPARs and the trafficking
of the GluAl subunit resembles the increase in synaptic
efficacy observed in long-term potentiation (LTP) (Nicoll and
Malenka, 1999; Collingridge et al., 2004; Plant et al., 2006).
Some experimental studies support the suggestion that epileptic
activity may potentiate the glutamatergic synapses similar to

LTP induction protocols by activation of the same pathway
(Abegg et al., 2004; Debanne et al., 2006). For example, the
synaptic strengthening induced by epileptic activity in slices was
prevented by NMDAR blockade during bursting (Ben-Ari and
Gho, 1988; Abegg et al., 2004). Overnight epileptiform activity
in slices prevented LTP induction by theta-burst stimulation,
suggesting that synapses were already maximally potentiated;
the occlusion of synaptic potentiation was accompanied by
an increase in long-term synaptic depression (Abegg et al.,
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2004). Similar impairments of LTP have been observed in a
kindling model of epilepsy (Schubert et al., 2005; Cunha et al.,
2015), after PTZ-induced SE (Postnikova et al., 2017), and
after PILO-induced SE (Kryukov et al, 2016). Homeostatic
mechanisms quickly rein in synaptic efficacy close to the
baseline, thereby preserving the ability of synapses to undergo
LTP (Seeburg and Sheng, 2008). Indeed, we found that on
the third day, the AMPA/NMDA peak conductance ratio in
CA1l pyramidal neurons returns to the control value and the
slope of the I/O curve for fEPSP recorded in CA1l does not
differ from that of control animals. Thus, the PILO-induced
SE transiently increases AMPAR-mediated neurotransmission of
CA1 pyramidal neurons. These changes in neurotransmission
could be an important component of the cascade of events within
epileptogenesis.

Changes in NMDAR Subunit Composition
following SE and Functional Significance
of Findings

Using RT-PCR and electrophysiological techniques, we found
that PILO-induced acute seizures increase the proportion of
GIuN2B-containing NMDARs in hippocampal pyramidal cell
synapses, but do not change the properties of NMDARs in the
TC. Similar shifts in the production of individual subunits of
NMDARSs following acute seizures have been shown in several
experimental models. Early upregulation of GIuN2B subunit
production is found in the hippocampus in PTZ (Postnikova
et al, 2017), PTZ-kindling (Zhu et al,, 2015), and PILO (Di
Maio et al., 2011, 2013) models. Di Maio et al. (2013) found
that in rat primary hippocampal cultures, PILO exposure induced
overexpression of GluN2A and GluN2B subunits. Notably,
GluN2B overexpression plays a crucial role in triggering neuronal
hyperexcitability (Di Maio et al, 2013). Contradictory data
about NMDAR subunit expression were obtained in other
experimental models. A significant reduction in the production
of the GluN2B subunit in various regions of the hippocampus
and cerebellum and an increase in the expression of the
GIuN2A subunit are revealed after repetitive seizures, induced
by repeated administration (4-7 days) of convulsant drug 3-
mercaptopropionic acid (Auzmendi et al., 2009; Girardi et al.,
2010; Gori and Girardi, 2013). A significant increase of GluN2A,
but not of GluN2B expression in the immunohistochemical
analysis was obtained after repeated epileptic seizures induced
for 12 days by intraperitoneal administration of 4-aminopyridine
(Borbely et al., 2009). The difference between models suggests
that seizures may activate independent pathways that are critical
for aberrant NMDAR subunit expression.

Importantly, the upregulation of GluN2B subunit production
is observed in the hippocampus of rats with experimental
epilepsy (Colciaghi et al, 2011; Klatte et al., 2013; Muller
et al., 2013; Peng et al, 2016). Some studies have shown that
NMDARs with a high proportion of GluN2B subunits appear
upregulated in epileptogenic tissue from patients with epilepsy
and SE (Mathern et al, 1998; Loddenkemper et al., 2014),
focal cortical dysplasia (Crino et al., 2001; Moddel et al., 2005;
Finardi et al., 2006),and tuberous sclerosis complex (Talos et al.,

2008). However, the downregulation of GluN2B in human
epileptic patients affected by periventricular nodular heterotopia,
subcortical band heterotopia has also been reported (Finardi
et al., 2006).

The subunit composition determines the NMDAR properties,
sign of synaptic plasticity, and neuronal mechanisms
implicated in neuropsychiatric disorders (Paoletti et al,
2013). Therefore, changes in subunit composition have some
significant consequences. First, the observed changes in subunit
composition are associated with slower NMDAR-mediated
EPSP kinetics are in line with the slower kinetics of GluN2B-
containing NMDARs (Erreger et al, 2005; Sun et al, 2017).
Because the GluN2A-dominant allosteric interaction forces the
triheteromeric GluN1/2A/2B receptor into a “GluN1/2A-like”
state and significantly shapes the amplitude and duration of
current flux (Sun et al., 2017), we suggest that seizure induces
the appearance of functional diheteromeric GluN1/2B NMDARs
and decreases the proportion of GluN1/2A/2B receptors. The
triheteromeric NMDAR is likely crucial for reliable adult brain
function (Sun et al., 2017). In GluN2A knock-out (KO) mice,
altered synaptic plasticity and disrupted learning have been
demonstrated (Sakimura et al., 1995). Consistent with this,
in our previous studies of this epilepsy model, we observed
alterations in both LTP and long-term depression in post-SE
tissue (Kryukov et al., 2016; Ivanov and Zaitsev, 2017), and
impairment of exploratory behavior and spatial memory in
adolescent rats (Kalemenev et al., 2015).

CONCLUSION

In summary, we have provided evidence from the PILO-
model in rats that acute SE leads to stronger alterations in
excitatory synaptic transmission in the dorsal hippocampus
than in the TC during the first 3 days following seizures.
Seizures affect the relative contribution of AMPA and NMDA
receptor conductances in the synaptic response and increase the
proportion of GluN2B-containing NMDARs in CAl pyramidal
neurons. These alterations disturb normal circuitry functions
in the hippocampus, may cause neuron damage, and may
be one of the important pathogenic mechanisms of TLE.
Our findings provide a solid rationale for targeting GluN2B-
containing NMDARSs that are specifically upregulated after acute
SE to prevent epileptogenesis.

AUTHOR CONTRIBUTIONS

DA, OZ, and AZ designed the study. DA, SM, JE, KK, EV, and OZ
performed experiments and analyzed data. DA, SM, JE, KK, EV,
0Z, and AZ made interpretation of data for the work. DA, OZ,
and AZ wrote the manuscript. DA, SM, JE, KK, EV, OZ, and AZ
approved the final version.

FUNDING

This research work was supported by the Russian Science
Foundation (project 16-15-10202).

Frontiers in Cellular Neuroscience | www.frontiersin.org

13

August 2017 | Volume 11 | Article 264


http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Cellular_Neuroscience/archive

Amakhin et al.

Alterations of Glutamatergic Transmission Following Seizures

REFERENCES

Abegg, M. H., Savic, N., Ehrengruber, M. U., McKinney, R. A., and Gahwiler,
B. H. (2004). Epileptiform activity in rat hippocampus strengthens excitatory
synapses. J. Physiol. 554(Pt 2), 439-448. doi: 10.1113/jphysiol.2003.052662

Amakhin, D. V., Ergina, J. L, Chizhov, A. V., and Zaitsev, A. V. (2016).
Synaptic conductances during interictal discharges in pyramidal neurons of rat
entorhinal cortex. Front. Cell. Neurosci. 10:233. doi: 10.3389/fncel.2016.00233

Anderson, J. S., Carandini, M., and Ferster, D. (2000). Orientation tuning of
input conductance, excitation, and inhibition in cat primary visual cortex. J.
Neurophysiol. 84, 909-926.

Auzmendi, J., Gonzalez, N., and Girardi, E. (2009). The NMDAR subunit NR2B
expression is modified in hippocampus after repetitive seizures. Neurochem.
Res. 34, 819-826. doi: 10.1007/s11064-008-9828-0

Ben-Ari, Y., and Gho, M. (1988). Long-lasting modification of the synaptic
properties of rat CA3 hippocampal neurones induced by kainic acid. J. Physiol.
404, 365-384. doi: 10.1113/jphysiol.1988.sp017294

Borbely, S., Dobo, E., Czege, D., Molnar, E., Bakos, M., Szucs, B., et al. (2009).
Modification of ionotropic glutamate receptor-mediated processes in the rat
hippocampus following repeated, brief seizures. Neuroscience 159, 358-368.
doi: 10.1016/j.neuroscience.2008.12.027

Borg-Graham, L. J., Monier, C., and Fregnac, Y. (1998). Visual input evokes
transient and strong shunting inhibition in visual cortical neurons. Nature 393,
369-373. doi: 10.1038/30735

Cavalheiro, E. A. (1995). The pilocarpine model of epilepsy. Ital. J. Neurol. Sci. 16,
33-37. doi: 10.1007/BF02229072

Chen, B., Feng, B,, Tang, Y., You, Y., Wang, Y., Hou, W, et al. (2016). Blocking
GluN2B subunits reverses the enhanced seizure susceptibility after prolonged
febrile seizures with a wide therapeutic time-window. Exp. Neurol. 283(Pt A),
29-38. doi: 10.1016/j.expneurol.2016.05.034

Chen, Q,, He, S., Hu, X. L, Yu, J., Zhou, Y., Zheng, J., et al. (2007). Differential
roles of NR2A- and NR2B-containing NMDA receptors in activity-dependent
brain-derived neurotrophic factor gene regulation and limbic epileptogenesis.
J. Neurosci. 27, 542-552. doi: 10.1523/JNEUROSCI.3607-06.2007

Citraro, R., Aiello, R., Franco, V., De Sarro, G., and Russo, E. (2014).
Targeting alpha-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate
receptors in epilepsy. Expert Opin. Ther. Targets 18, 319-334.
doi: 10.1517/14728222.2014.874416

Colciaghi, F., Finardi, A., Frasca, A., Balosso, S., Nobili, P., Carriero, G., et al.
(2011). Status epilepticus-induced pathologic plasticity in a rat model of focal
cortical dysplasia. Brain 134(Pt 10), 2828-2843. doi: 10.1093/brain/awr045

Collingridge, G. L., Isaac, J. T., and Wang, Y. T. (2004). Receptor trafficking and
synaptic plasticity. Nat. Rev. Neurosci. 5,952-962. doi: 10.1038/nrn1556

Crino, P. B., Duhaime, A. C., Baltuch, G., and White, R. (2001). Differential
expression of glutamate and GABA-A receptor subunit mRNA in cortical
dysplasia. Neurology 56, 906-913. doi: 10.1212/WNL.56.7.906

Cunha, A. O, de Oliveira, J. A., Almeida, S. S., Garcia-Cairasco, N., and Leao, R.
M. (2015). Inhibition of long-term potentiation in the schaffer-CA1 pathway
by repetitive high-intensity sound stimulation. Neuroscience 310, 114-127.
doi: 10.1016/j.neuroscience.2015.09.040

Curia, G., Longo, D., Biagini, G., Jones, R. S., and Avoli, M. (2008). The
pilocarpine model of temporal lobe epilepsy. J. Neurosci. Methods 172, 143-157.
doi: 10.1016/j.jneumeth.2008.04.019

Curia, G., Lucchi, C., Vinet, J., Gualtieri, F., Marinelli, C., Torsello, A.,
et al. (2014). Pathophysiogenesis of mesial temporal lobe epilepsy: is
prevention of damage antiepileptogenic? Curr. Med. Chem. 21, 663-688.
doi: 10.2174/0929867320666131119152201

Debanne, D., Thompson, S. M., and Gahwiler, B. H. (2006). A brief period of
epileptiform activity strengthens excitatory synapses in the rat hippocampus
in vitro. Epilepsia 47, 247-256. doi: 10.1111/j.1528-1167.2006.00416.x

Di Maio, R., Mastroberardino, P. G., Hu, X., Montero, L. M., and Greenamyre, J. T.
(2013). Thiol oxidation and altered NR2B/NMDA receptor functions in in vitro
and in vivo pilocarpine models: implications for epileptogenesis. Neurobiol. Dis.
49, 87-98. doi: 10.1016/j.nbd.2012.07.013

Di Maio, R., Mastroberardino, P. G., Hu, X., Montero, L., and Greenamyre,
J. T. (2011). Pilocapine alters NMDA receptor expression and function in
hippocampal neurons: NADPH oxidase and ERK1/2 mechanisms. Neurobiol.
Dis. 42, 482-495. doi: 10.1016/j.nbd.2011.02.012

Dube, C., Boyet, S., Marescaux, C., and Nehlig, A. (2001). Relationship between
neuronal loss and interictal glucose metabolism during the chronic phase of
the lithium-pilocarpine model of epilepsy in the immature and adult rat. Exp.
Neurol. 167, 227-241. doi: 10.1006/exnr.2000.7561

Erreger, K., Dravid, S. M., Banke, T. G., Wyllie, D. J., and Traynelis, S. F.
(2005). Subunit-specific gating controls rat NR1/NR2A and NR1/NR2B NMDA
channel kinetics and synaptic signalling profiles. J. Physiol. 563(Pt 2), 345-358.
doi: 10.1113/jphysiol.2004.080028

Finardi, A., Gardoni, F., Bassanini, S., Lasio, G., Cossu, M., Tassi, L., et al.
(2006). NMDA receptor composition differs among anatomically diverse
malformations of cortical development. J. Neuropathol. Exp. Neurol. 65,
883-893. doi: 10.1097/01.jnen.0000235117.67558.6d

Frasca, A., Aalbers, M., Frigerio, F., Fiordaliso, F., Salio, M., Gobbi, M., et al. (2011).
Misplaced NMDA receptors in epileptogenesis contribute to excitotoxicity.
Neurobiol. Dis. 43, 507-515. doi: 10.1016/j.nbd.2011.04.024

Girardi, E., Auzmendi, J., Charo, N., Gori, M. B., and Castro, M. (2010).
3-mercaptopropionic acid-induced seizures decrease NR2B expression in
Purkinje cells: cyclopentyladenosine effect. Cell. Mol. Neurobiol. 30, 985-990.
doi: 10.1007/s10571-010-9546-4

Gonzalez-Burgos, G., Kroener, S., Zaitsev, A. V., Povysheva, N. V., Krimer, L. S.,
Barrionuevo, G., et al. (2008). Functional maturation of excitatory synapses
in layer 3 pyramidal neurons during postnatal development of the primate
prefrontal cortex. Cereb. Cortex 18, 626-637. doi: 10.1093/cercor/bhm095

Gori, M. B., and Girardi, E. (2013). 3-Mercaptopropionic acid-induced repetitive
seizures increase GluN2A expression in rat hippocampus: a potential
neuroprotective role of cyclopentyladenosine. Cell. Mol. Neurobiol. 33,
803-813. doi: 10.1007/s10571-013-9947-2

Grooms, S. Y., Opitz, T., Bennett, M. V., and Zukin, R. S. (2000). Status
epilepticus decreases glutamate receptor 2 mRNA and protein expression in
hippocampal pyramidal cells before neuronal death. Proc. Natl. Acad. Sci.
U.S.A. 97, 3631-3636. doi: 10.1073/pnas.97.7.3631

Harnett, M. T., Magee, J. C., and Williams, S. R. (2015). Distribution and function
of HCN channels in the apical dendritic tuft of neocortical pyramidal neurons.
J. Neurosci. 35,1024-1037. doi: 10.1523/JNEUROSCI.2813-14.2015

Hirsch, E., Baram, T. Z., and Snead, O. C. IIl. (1992). Ontogenic study of
lithium-pilocarpine-induced status epilepticus in rats. Brain Res. 583, 120-126.
doi: 10.1016/S0006-8993(10)80015-0

Ivanov, A. D., and Zaitsev, A. V. (2017). NMDAR-independent hippocampal long-
term depression impairment after status epilepticus in a lithium-pilocarpine
model of temporal lobe epilepsy. Synapse 71:¢21982. doi: 10.1002/syn.21982

Jahr, C. E., and Stevens, C. F. (1990). Voltage dependence of NMDA-activated
macroscopic conductances predicted by single-channel kinetics. J. Neurosci. 10,
3178-3182.

Joshi, S., Rajasekaran, K., Sun, H. Williamson, J., and Kapur, J. (2017).
Enhanced AMPA  receptor-mediated CAl
pyramidal neurons during status epilepticus. Neurobiol. Dis. 103, 45-53.
doi: 10.1016/j.nbd.2017.03.017

Kalemeneyv, S. V., Zubareva, O. E., Frolova, E. V., Sizov, V. V., Lavrentyeva, V.
V., Lukomskaya, N. Y., et al. (2015). Impairment of exploratory behavior and
spatial memory in adolescent rats in lithium-pilocarpine model of temporal
lobe epilepsy. Dokl. Biol. Sci. 463, 175-177. doi: 10.1134/S00124966150
40055

Klatte, K., Kirschstein, T., Otte, D., Pothmann, L., Muller, L., Tokay, T.,
et (2013). Impaired D-serine-mediated
cognitive dysfunction in epilepsy. J. Neurosci.
doi: 10.1523/JNEUROSCI.5423-12.2013

Kortenbruck, G., Berger, E., Speckmann, E. J., and Musshoff, U. (2001). RNA
editing at the Q/R site for the glutamate receptor subunits GLUR2, GLURS5,
and GLURG in hippocampus and temporal cortex from epileptic patients.
Neurobiol. Dis. 8, 459-468. doi: 10.1006/nbdi.2001.0394

Kryukov, K. A., Kim, K. K., Magazanik, L. G., and Zaitsev, A. V. (2016).
Status epilepticus alters hippocampal long-term synaptic potentiation
in a rat lithium-pilocarpine model. Neuroreport 27, 1191-1195.
doi: 10.1097/WNR.0000000000000656

Kubicki, M., Kindopp, T. W., Capparelli, M. V., and Codding, P. W. (1996).
Hydrogen-bond patterns in 1,4-dihydro-2,3-quinoxalinediones: ligands for the
glycine modulatory site on the NMDA receptor. Acta Crystallogr. B 52(Pt 3),
487-499. doi: 10.1107/S0108768195011773

neurotransmission  on

cotransmission mediates
33, 13066-13080.

al.

Frontiers in Cellular Neuroscience | www.frontiersin.org

14

August 2017 | Volume 11 | Article 264


https://doi.org/10.1113/jphysiol.2003.052662
https://doi.org/10.3389/fncel.2016.00233
https://doi.org/10.1007/s11064-008-9828-0
https://doi.org/10.1113/jphysiol.1988.sp017294
https://doi.org/10.1016/j.neuroscience.2008.12.027
https://doi.org/10.1038/30735
https://doi.org/10.1007/BF02229072
https://doi.org/10.1016/j.expneurol.2016.05.034
https://doi.org/10.1523/JNEUROSCI.3607-06.2007
https://doi.org/10.1517/14728222.2014.874416
https://doi.org/10.1093/brain/awr045
https://doi.org/10.1038/nrn1556
https://doi.org/10.1212/WNL.56.7.906
https://doi.org/10.1016/j.neuroscience.2015.09.040
https://doi.org/10.1016/j.jneumeth.2008.04.019
https://doi.org/10.2174/0929867320666131119152201
https://doi.org/10.1111/j.1528-1167.2006.00416.x
https://doi.org/10.1016/j.nbd.2012.07.013
https://doi.org/10.1016/j.nbd.2011.02.012
https://doi.org/10.1006/exnr.2000.7561
https://doi.org/10.1113/jphysiol.2004.080028
https://doi.org/10.1097/01.jnen.0000235117.67558.6d
https://doi.org/10.1016/j.nbd.2011.04.024
https://doi.org/10.1007/s10571-010-9546-4
https://doi.org/10.1093/cercor/bhm095
https://doi.org/10.1007/s10571-013-9947-2
https://doi.org/10.1073/pnas.97.7.3631
https://doi.org/10.1523/JNEUROSCI.2813-14.2015
https://doi.org/10.1016/S0006-8993(10)80015-0
https://doi.org/10.1002/syn.21982
https://doi.org/10.1016/j.nbd.2017.03.017
https://doi.org/10.1134/S0012496615040055
https://doi.org/10.1523/JNEUROSCI.5423-12.2013
https://doi.org/10.1006/nbdi.2001.0394
https://doi.org/10.1097/WNR.0000000000000656
https://doi.org/10.1107/S0108768195011773
http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Cellular_Neuroscience/archive

Amakhin et al.

Alterations of Glutamatergic Transmission Following Seizures

Levesque, M., Avoli, M., and Bernard, C. (2015). Animal models of temporal
lobe epilepsy following systemic chemoconvulsant administration. J. Neurosci.
Methods 260, 45-52. doi: 10.1016/j.jneumeth.2015.03.009

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression
data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method.
Methods 25, 402-408. doi: 10.1006/meth.2001.1262

Loddenkemper, T., Talos, D. M., Cleary, R. T., Joseph, A., Sanchez Fernandez, L,
Alexopoulos, A., et al. (2014). Subunit composition of glutamate and gamma-
aminobutyric acid receptors in status epilepticus. Epilepsy Res. 108, 605-615.
doi: 10.1016/j.eplepsyres.2014.01.015

Malkin, S. L., Amakhin, D. V., Veniaminova, E. A., Kim, K. K. H., Zubareva, O.
E., Magazanik, L. G., et al. (2016). Changes of AMPA receptor properties in the
neocortex and hippocampus following pilocarpine-induced status epilepticus
in rats. Neuroscience 327, 146-155. doi: 10.1016/j.neuroscience.2016.04.024

Mathern, G. W., Adelson, P. D., Cahan, L. D., and Leite, J. P. (2002). Hippocampal
neuron damage in human epilepsy: Meyer’s hypothesis revisited. Prog. Brain
Res. 135, 237-251. doi: 10.1016/S0079-6123(02)35023-4

Mathern, G. W., Pretorius, J. K., Leite, J. P., Kornblum, H. I., Mendoza, D.,
Lozada, A, et al. (1998). Hippocampal AMPA and NMDA mRNA levels and
subunit immunoreactivity in human temporal lobe epilepsy patients and a
rodent model of chronic mesial limbic epilepsy. Epilepsy Res. 32, 154-171.
doi: 10.1016/S0920-1211(98)00048-5

Moddel, G., Jacobson, B., Ying, Z., Janigro, D., Bingaman, W., Gonzalez-
Martinez, J., et al. (2005). The NMDA receptor NR2B subunit contributes
to epileptogenesis in human cortical dysplasia. Brain Res. 1046, 10-23.
doi: 10.1016/j.brainres.2005.03.042

Monier, C., Fournier, J., and Fregnac, Y. (2008). In vitro and in vivo measures of
evoked excitatory and inhibitory conductance dynamics in sensory cortices. J.
Neurosci. Methods 169, 323-365. doi: 10.1016/j.jneumeth.2007.11.008

Muller, L., Tokay, T., Porath, K., Kohling, R., and Kirschstein, T. (2013). Enhanced
NMDA receptor-dependent LTP in the epileptic CA1 area via upregulation of
NR2B. Neurobiol. Dis. 54, 183-193. doi: 10.1016/j.nbd.2012.12.011

Neher, E. (1992). Correction for liquid potentials  in
patch  clamp  experiments.  Meth.  Enzymol. 207,  123-131.
doi: 10.1016/0076-6879(92)07008-C

Nicoll, R. A., and Malenka, R. C. (1999). Expression mechanisms underlying
NMDA receptor-dependent long-term potentiation. Ann. N.Y. Acad. Sci. 868,
515-525. doi: 10.1111/j.1749-6632.1999.tb11320.x

Paoletti, P., Bellone, C., and Zhou, Q. (2013). NMDA receptor subunit diversity:
impact on receptor properties, synaptic plasticity and disease. Nat. Rev.
Neurosci. 14, 383-400. doi: 10.1038/nrn3504

Patel, J., Zinkand, W. C,, Klika, A. B., Mangano, T. J., Keith, R. A., and Salama, A. 1.
(1990). 6,7-Dinitroquinoxaline-2,3-dione blocks the cytotoxicity of N-methyl-
D-aspartate and kainate, but not quisqualate, in cortical cultures. J. Neurochem.
55, 114-121. doi: 10.1111/j.1471-4159.1990.tb08828.x

Paxinos, G., and Watson, C. (2006). The Rat Brain in Stereotaxic Coordinates.
London; Amsterdam; Burlington, ON: Academic Press.

Pellegrini-Giampietro, D. E. Galli, A., Alesiani, M., Cherici, G., and
Moroni, F. (1989). Quinoxalines interact with the glycine recognition
site of NMDA receptors: in guinea-pig myenteric plexus
and in rat cortical membranes. Br. J. Pharmacol. 98, 1281-1286.
doi: 10.1111/§.1476-5381.1989.tb12675.x

Pellegrini-Giampietro, D. E., Gorter, J. A., Bennett, M. V., and Zukin, R.
S. (1997). The GluR2 (GluR-B) hypothesis: Ca?t -permeable AMPA
receptors in neurological disorders. Trends Neurosci. 20, 464-470.
doi: 10.1016/S0166-2236(97)01100-4

Peng, W. F,, Ding, J., Li, X, Fan, F.,, Zhang, Q. Q., and Wang, X. (2016). N-methyl-
D-aspartate receptor NR2B subunit involved in depression-like behaviours
in lithium chloride-pilocarpine chronic rat epilepsy model. Epilepsy Res. 119,
77-85. doi: 10.1016/j.eplepsyres.2015.09.013

Plant, K., Pelkey, K. A., Bortolotto, Z. A., Morita, D., Terashima, A., McBain,
C. J., et al. (2006). Transient incorporation of native GluR2-lacking AMPA
receptors during hippocampal long-term potentiation. Nat. Neurosci. 9,
602-604. doi: 10.1038/nn1678

Porter, B. E.,, Cui, X. N., and Brooks-Kayal, A. R. (2006). Status epilepticus
differentially alters AMPA and kainate receptor subunit expression in mature
and immature dentate granule neurons. Eur. J. Neurosci. 23, 2857-2863.
doi: 10.1111/.1460-9568.2006.04839.x

junction

studies

Postnikova, T. Y., Zubareva, O. E., Kovalenko, A. A., Kim, K. K., Magazanik,
L. G., and Zaitsev, A. V. (2017). Status epilepticus impairs synaptic plasticity
in rat hippocampus and is followed by changes in expression of NMDA
receptors. Biochemistry (Mosc) 82, 282-290. doi: 10.1134/S00062979170
30063

Prince, H. C., Tzingounis, A. V., Levey, A. I, and Conn, P. J. (2000).
Functional downregulation of GluR2 in piriform cortex of kindled animals.
Synapse 38, 489-498. doi: 10.1002/1098-2396(20001215)38:4<489::AID-
SYN15>3.0.CO;2-N

Rajasekaran, K., Todorovic, M., and Kapur, J. (2012). Calcium-permeable AMPA
receptors are expressed in a rodent model of status epilepticus. Ann. Neurol. 72,
91-102. doi: 10.1002/ana.23570

Rakhade, S. N., Zhou, C., Aujla, P. K., Fishman, R, Sucher, N. J, and
Jensen, F. E. (2008). Early alterations of AMPA receptors mediate synaptic
potentiation induced by neonatal seizures. J. Neurosci. 28, 7979-7990.
doi: 10.1523/JNEUROSCI.1734-08.2008

Rao, T. S., Cler, J. A., Mick, S. J., Emmett, M. R, Iyengar, S., and Wood, P. L.
(1990). 6,7-Dinitroquinoxaline-2,3-dione and 6-nitro,7-cyanoquinoxaline-2,3-
dione antagonize responses mediated by N-methyl-D-aspartate and NMDA-
associated glycine recognition sites in vivo: measurements of cerebellar cyclic-
GMP. Neuropharmacology 29, 1031-1035. doi: 10.1016/0028-3908(90)90109-5

Raza, M., Blair, R. E.,, Sombati, S., Carter, D. S., Deshpande, L. S., and
DeLorenzo, R. J. (2004). Evidence that injury-induced changes in hippocampal
neuronal calcium dynamics during epileptogenesis cause acquired epilepsy.
Proc. Natl. Acad. Sci. U.S.A. 101, 17522-17527. doi: 10.1073/pnas.04081
55101

Rogawski, M. A. (2011). Revisiting AMPA receptors as an antiepileptic drug target.
Epilepsy Curr. 11, 56-63. doi: 10.5698/1535-7511-11.2.56

Sakimura, K., Kutsuwada, T., Ito, I, Manabe, T., Takayama, C., Kushiya, E., et al.
(1995). Reduced hippocampal LTP and spatial learning in mice lacking NMDA
receptor epsilon 1 subunit. Nature 373, 151-155. doi: 10.1038/373151a0

Sanchez, R. M., Koh, S., Rio, C., Wang, C., Lamperti, E. D., Sharma, D,
et al. (2001). Decreased glutamate receptor 2 expression and enhanced
epileptogenesis in immature rat hippocampus after perinatal hypoxia-induced
seizures. J. Neurosci. 21, 8154-8163.

Schubert, M., Siegmund, H., Pape, H. C., and Albrecht, D. (2005). Kindling-
induced changes in plasticity of the rat amygdala and hippocampus. Learn.
Mem. 12, 520-526. doi: 10.1101/Im.4205

Seeburg, D. P, and Sheng, M. (2008). Activity-induced Polo-like
kinase 2 is required for homeostatic plasticity of hippocampal
neurons during epileptiform activity. J. Neurosci. 28, 6583-6591.

doi: 10.1523/JNEUROSCI.1853-08.2008

Shipton, O. A., and Paulsen, O. (2014). GluN2A and GIuN2B subunit-containing
NMDA receptors in hippocampal plasticity. Philos. Trans. R. Soc. Lond. B Biol.
Sci. 369:20130163. doi: 10.1098/rstb.2013.0163

Sun, W., Hansen, K. B, and Jahr, C. E. (2017). Allosteric interactions between
NMDA receptor subunits shape the developmental shift in channel properties.
Neuron 94, 58-64 €53. doi: 10.1016/j.neuron.2017.03.018

Szinyei, C., Stork, O., and Pape, H. C. (2003). Contribution of NR2B subunits to
synaptic transmission in amygdaloid interneurons. J. Neurosci. 23, 2549-2556.

Talos, D. M., Kwiatkowski, D. J., Cordero, K., Black, P. M., and Jensen, F. E. (2008).
Cell-specific alterations of glutamate receptor expression in tuberous sclerosis
complex cortical tubers. Ann. Neurol. 63, 454-465. doi: 10.1002/ana.21342

Traynelis, S. F., Wollmuth, L. P., McBain, C. J., Menniti, F. S., Vance, K. M., Ogden,
K. K., etal. (2010). Glutamate receptor ion channels: structure, regulation, and
function. Pharmacol. Rev. 62, 405-496. doi: 10.1124/pr.109.002451

Turski, L., Ikonomidou, C., Turski, W. A., Bortolotto, Z. A., and Cavalheiro, E.
A. (1989). Review: cholinergic mechanisms and epileptogenesis. The seizures
induced by pilocarpine: a novel experimental model of intractable epilepsy.
Synapse 3, 154-171. doi: 10.1002/syn.890030207

Turski, W. A., Cavalheiro, E. A., Schwarz, M., Czuczwar, S. J., Kleinrok, Z., and
Turski, L. (1983). Limbic seizures produced by pilocarpine in rats: behavioural,
electroencephalographic and neuropathological study. Behav. Brain Res. 9,
315-335. doi: 10.1016/0166-4328(83)90136-5

Woolley, C. S., Weiland, N. G., McEwen, B. S., and Schwartzkroin, P. A. (1997).
Estradiol increases the sensitivity of hippocampal CAl pyramidal cells to
NMDA receptor-mediated synaptic input: correlation with dendritic spine
density. J. Neurosci. 17, 1848-1859.

Frontiers in Cellular Neuroscience | www.frontiersin.org

15

August 2017 | Volume 11 | Article 264


https://doi.org/10.1016/j.jneumeth.2015.03.009
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1016/j.eplepsyres.2014.01.015
https://doi.org/10.1016/j.neuroscience.2016.04.024
https://doi.org/10.1016/S0079-6123(02)35023-4
https://doi.org/10.1016/S0920-1211(98)00048-5
https://doi.org/10.1016/j.brainres.2005.03.042
https://doi.org/10.1016/j.jneumeth.2007.11.008
https://doi.org/10.1016/j.nbd.2012.12.011
https://doi.org/10.1016/0076-6879(92)07008-C
https://doi.org/10.1111/j.1749-6632.1999.tb11320.x
https://doi.org/10.1038/nrn3504
https://doi.org/10.1111/j.1471-4159.1990.tb08828.x
https://doi.org/10.1111/j.1476-5381.1989.tb12675.x
https://doi.org/10.1016/S0166-2236(97)01100-4
https://doi.org/10.1016/j.eplepsyres.2015.09.013
https://doi.org/10.1038/nn1678
https://doi.org/10.1111/j.1460-9568.2006.04839.x
https://doi.org/10.1134/S0006297917030063
https://doi.org/10.1002/1098-2396(20001215)38
https://doi.org/10.1002/ana.23570
https://doi.org/10.1523/JNEUROSCI.1734-08.2008
https://doi.org/10.1016/0028-3908(90)90109-5
https://doi.org/10.1073/pnas.0408155101
https://doi.org/10.5698/1535-7511-11.2.56
https://doi.org/10.1038/373151a0
https://doi.org/10.1101/lm.4205
https://doi.org/10.1523/JNEUROSCI.1853-08.2008
https://doi.org/10.1098/rstb.2013.0163
https://doi.org/10.1016/j.neuron.2017.03.018
https://doi.org/10.1002/ana.21342
https://doi.org/10.1124/pr.109.002451
https://doi.org/10.1002/syn.890030207
https://doi.org/10.1016/0166-4328(83)90136-5
http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Cellular_Neuroscience/archive

Amakhin et al.

Alterations of Glutamatergic Transmission Following Seizures

Zaitsev, A. V., Kim, K. K. H,, Vasilev, D. S., Lukomskaya, N. Y., Lavrentyeva, V. V.,
Tumanova, N. L,, et al. (2015). N-methyl-D-aspartate receptor channel blockers
prevent pentylenetetrazole-induced convulsions and morphological changes in
rat brain neurons. J. Neurosci. Res. 93, 454-465. doi: 10.1002/jnr.23500

Zhu, X., Dong, J., Shen, K. Bai, Y., Zhang, Y., Lv, X, et al. (2015).
NMDA receptor NR2B subunits contribute to PTZ-kindling-induced
hippocampal astrocytosis and oxidative stress. Brain Res. Bull. 114, 70-78.
doi: 10.1016/j.brainresbull.2015.04.002

Ziburkus, J., Cressman, J. R., and Schiff, S. J. (2013). Seizures as imbalanced
up states: excitatory and inhibitory conductances during seizure-like events.
J. Neurophysiol. 109, 1296-1306. doi: 10.1152/jn.00232.2012

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Amakhin, Malkin, Ergina, Kryukov, Veniaminova, Zubareva and
Zaitsev. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) or licensor are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Cellular Neuroscience | www.frontiersin.org

16

August 2017 | Volume 11 | Article 264


https://doi.org/10.1002/jnr.23500
https://doi.org/10.1016/j.brainresbull.2015.04.002
https://doi.org/10.1152/jn.00232.2012
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Cellular_Neuroscience/archive

	Alterations in Properties of Glutamatergic Transmission in the Temporal Cortex and Hippocampus Following Pilocarpine-Induced Acute Seizures in Wistar Rats
	Introduction
	Methods
	Animal Preparation
	RNA Extraction and Real-Time Quantitative PCR
	Slice Preparation
	Patch-Clamp Recordings
	Estimation of AMPAR- and NMDAR-Mediated Conductances
	Analysis of Properties of the NMDAR-Mediated Evoked EPSCs
	Recording and Analysis of Field Excitatory Postsynaptic Potentials
	Statistics

	Results
	Changes of Relative Contribution of AMPARs and NMDARs in Synaptic Response following PILO-Induced SE
	Changes in Expression Level of NMDA Receptor Subunit mRNAs following PILO-Induced SE
	Changes in Kinetics of NMDAR-Mediated EPSCs Following SE
	The Effects of Ifenprodil on NMDAR-Mediated EPSCs

	Discussion
	Changes in the AMPA/NMDA Ratio following SE
	Changes in NMDAR Subunit Composition following SE and Functional Significance of Findings

	Conclusion
	Author Contributions
	Funding
	References


