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Abstract
Although in situ hybridization studies have revealed the presence of kainate receptor (KAR)
mRNA in neurons of the rat medial entorhinal cortex (mEC), the functional presence and roles of
these receptors are only beginning to be examined. To address this deficiency, whole cell voltage
clamp recordings of locally evoked EPSCs were made from mEC layer II and III neurons in
combined entorhinal cortex -hippocampal brain slices. Three types of neurons were identified by
their electroresponsive membrane properties, locations, and morphologies: stellate-like “Sag”
neurons in layer II (S), pyramidal-like “No Sag” neurons in layer III (NS), and “Intermediate Sag”
neurons with varied morphologies and locations (IS). Non-NMDA EPSCs in these neurons were
composed of two components, and the slow decay component in NS neurons had larger
amplitudes and contributed more to the combined EPSC than did those observed in S and IS
neurons. This slow component was mediated by KARs and was characterized by its resistance to
either GYKI 52466 (100 μM) or NBQX (1 μM), relatively slow decay kinetics, and sensitivity to
CNQX (10–50 μM). KAR mediated EPSCs in pyramidal-like NS neurons contributed
significantly more to the combined non-NMDA EPSC than did those from S and IS neurons.
Layer III neurons of the mEC are selectively susceptible to degeneration in human temporal lobe
epilepsy (TLE) and animal models of TLE such as kainate-induced status epilepticus.
Characterizing differences in the complement of postsynaptic receptors expressed in injury prone
versus injury resistant mEC neurons represents an important step toward understanding the
vulnerability of layer III neurons seen in TLE.

INTRODUCTION
Kainate receptors (KARs) are one of the three classes of ionotropic glutamate receptors and
are composed of tetrameric assemblies of the GluR5-7 and KA1-2 subunits. These receptors
have been shown to both mediate and modulate synaptic transmission in both the central and
peripheral nervous system (for reviews see (Chittajallu et al., 1999, Frerking and Nicoll,
2000, Lerma et al., 2001, Lerma, 2003, Lerma, 2006, Pinheiro and Mulle, 2006)). Regarding
the mediation of synaptic transmission, functional postsynaptic KARs have been
demonstrated in a variety of cell types (Castillo et al., 1997, Vignes and Collingridge, 1997,
Cossart et al., 1998, Frerking et al., 1998, DeVries and Schwartz, 1999, Kidd and Isaac,
1999, Li et al., 1999, Bureau et al., 2000, Cossart et al., 2002, Ali, 2003, Eder et al., 2003,
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Gryder and Rogawski, 2003, Vitten et al., 2004, Wu et al., 2005, Jin et al., 2006) and may
impose unique integrative properties to neurons (Frerking and Ohliger-Frerking, 2002).
Furthermore, the expression of postsynaptic KARs has been shown to be restricted in a
cellular and subcellular manner. For instance, CA3 pyramidal neurons of the hippocampus
have been shown to have postsynaptic KARs that mediate a substantial portion of the
synaptic response, specifically at their mossy fiber synapse, while CA1 neurons do not have
postsynaptic KAR mediated EPSCs (Castillo et al., 1997, Frerking et al., 1998, Bureau et al.,
1999, Lerma et al., 2001). Additionally, KARs in hippocampal CA3 neurons have been
shown to underlie the kainate-induced gamma oscillations observed in these neurons (Fisahn
et al., 2004).

Systemic or intracerebral injection of kainate has long been used to model temporal lobe
epilepsy (TLE) (for review, see (Ben-Ari and Cossart, 2000)). These injections cause status
epilepticus and ultimately result in chronic epilepsy and a pattern of cell loss similar to that
found in patients with TLE. CA3 pyramidal neurons of the hippocampus are particularly
sensitive since these neurons degenerate following injection of kainate (Nadler et al., 1978).
Other models of TLE that lead to excessive activation of mossy fibers and a sustained
release of glutamate can cause similar damage to CA3 neurons (for example see (Sloviter
and Damiano, 1981)), and it is clear that KARs are involved in this excitotoxicity since
GluR6-deficient mice have been shown to be less susceptible to kainate-induced
degeneration of these neurons (Mulle et al., 1998).

Like the hippocampus, the medial entorhinal cortex (mEC) is susceptible to injury in TLE
and animal models of this disease. In fact, one of the first reports of kainate-induced damage
to hippocampal CA3 neurons notes that degenerating cells were also found in layer III of the
entorhinal cortex (Nadler et al., 1978). Later reports clearly demonstrated that, while stellate
cells in Layer II become hyperexcitable, pyramidal neurons residing in Layer III of the mEC
selectively degenerate in TLE and animal models of this disease such as kainate-induced
status epilepticus (Du et al., 1993, Du et al., 1995, Bear et al., 1996, Scharfman et al., 1998,
Schwarcz et al., 2000, Kobayashi et al., 2003, Tolner et al., 2005, Kumar and Buckmaster,
2006).

Also like the hippocampus, the mEC can generate oscillations at a variety of frequencies
(Dickson et al., 2000a). Such oscillations may be an important underlying substrate for
information transfer and pathological processes such as epileptogenesis (Bragin et al., 2000).
As in the hippocampus (Fisahn et al., 2004), the mEC can generate gamma frequency
oscillations in response to agonists of KARs (Cunningham et al., 2003). Additionally,
Cunningham et al. have recently demonstrated that activation of postsynaptic KARs in layer
III pyramidal neurons of the mEC may underlie slow wave oscillations in this brain region
(Cunningham et al., 2006).

Although KAR mRNA has been shown to be highly expressed in neurons of the mEC
(Wisden and Seeburg, 1993, Bahn et al., 1994), functional expression of postsynaptic KARs
in this brain region has not been examined in detail. Thus, the aim of this study was to
determine if the injury prone Layer III pyramidal neurons, like CA3 pyramidal neurons of
the hippocampus, differentially exhibit KAR mediated synaptic currents compared to the
injury resistant layer II neurons of the mEC. To assess differences in the functional
expression of KARs across these cell types, we evaluated locally evoked KAR EPSCs under
a variety of pharmacological conditions in brain slices containing the mEC. Our results
indicate that there is a significantly greater contribution of KARs to EPSCs recorded in
pyramidal neurons of layer III when compared to neurons found in layer II of the mEC.
Given the similarity between layer III pyramidal neurons of the mEC and CA3 pyramidal
neurons of the hippocampus, we speculate that activation of these postsynaptic KARs may
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contribute to the generation of both normal and pathological oscillations and may also
contribute to excitotoxic cell death of Layer III neurons during status epilepticus and/or
TLE.

MATERIALS AND METHODS
Combined Entorhinal Cortex – Hippocampal Brain Slice Preparation

All experiments were performed in accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals and were approved by the University of Utah
Institutional Animal Care and Use Committee (IACUC). Unless otherwise noted, all
chemicals were purchased from Sigma (St. Louis, MO). Male Sprague Dawley rats (100–
200 g, approx. 30–50 days old) (Charles River, Raleigh, NC) were deeply anesthetized with
sodium pentobarbital (25 mg/kg, i.p.) and brains were rapidly removed and placed in ice-
cold (4 °C) oxygenated Ringer’s solution (95% O2/5% CO2) containing (in mM): Sucrose
(125.0), KCl (3.0), Na2PO4 (1.2), MgSO4 (2.0), NaHCO3 (26.0), glucose (10.0), and CaCl2
(2.0) (Barton et al., 2004, Otto et al., 2006). Brains were then blocked and glued (cortex
down) to the stage of a motorized Vibroslicer (Camden Instruments, Lafayette, IN).
Horizontal brain slices (400 μm) containing both the mEC and hippocampus were cut and
then incubated in oxygenated Ringer’s solution for ≥ 1 hour prior to recording. The
oxygenated Ringer’s solution used in the incubation chamber, as well as for recordings,
contained NaCl (126.0 mM) in place of sucrose. The pH (7.30–7.40) and osmolarity (290–
300 mOsm) of the recording Ringer’s solution were verified prior to each experiment.

Whole cell patch-clamp recordings in adult mEC slices
Slices were transferred to an immersion recording chamber (Warner Instruments, Hamden,
CT) and perfused with oxygenated, room temperature, Ringer’s solution at a rate of 2.5 – 3.0
mL/min. Borosilicate glass capillaries (World Precision Instruments, Sarasota, FL; 1.5 mm
OD) were pulled to 2–3 MΩ resistance using a micropipette electrode puller (Sutter
Instruments, Novato, CA). Biocytin (2.0%) was included in the patch pipette to assess the
morphology and location of individual recorded neurons following the experiments. The
internal solution for patch pipettes included (in mM): K-gluconate (140), HEPES (10.0),
EGTA (1.0), CaCl2 (0.5), and glucose (10.0). The osmolarity of the internal solution was
275–285 mOsm, and the pH was adjusted to 7.28 with KOH.

The whole-cell patch clamp technique was used to record “blindly” from neurons in the
superficial layers of the mEC (Layers II and III). Whole cell patch-clamp recordings were
acquired in current-clamp and voltage-clamp mode using an Axopatch 1D or 200B amplifier
and the CLAMPEX 9 software package interfaced to a Digidata 1322A data acquisition
board (Axon Instruments, Union City, CA). Neurons were initially recorded in current-
clamp mode (Vm = −70 mV) and neuron identity was determined by electroresponsive
membrane properties (Alonso and Klink, 1993, Jones, 1994, Dickson et al., 1997, Gloveli et
al., 1997, van der Linden and Lopes da Silva, 1998). In current clamp mode, series
resistance was compensated by ≥ 80%. Electroresponsive membrane properties were
measured as follows: Hyperpolarization induced sag potential was calculated as the voltage
deflection at the end of a 250 ms square current injection of −300 pA divided by the peak
voltage deflection and represented as a percentage. Membrane resistance was calculated by
using measurements of the voltage deflection either at its peak (RPEAK) or at the end of a
250 ms square current injection of −300 pA from rest (RSS). The time constant (τ) was taken
as the time to reach 63% of the peak voltage deflection in response to a −300 pA
hyperpolarizing current pulse. The amplitudes of the action potential, depolarizing
afterpotential (DAP), and afterhyperpolarization (AHP) were measured relative to the action
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potential threshold. Action potential duration was measured at half amplitude values (half
duration).

Identified neurons were then held at −70 mV in voltage-clamp mode, and only recordings
from neurons whose access resistances did not dramatically change during the recording
period were used for data analysis. Signals were filtered at 2 kHz and acquired at 10 kHz.
EPSCs were evoked at several stimulus strengths by a concentric bipolar stimulating
electrode placed near the recording electrode (~200 μm) on the boundary of layers II and III
of the mEC. Evoked EPSCs were recorded until the amplitudes of the responses were stable
for a minimum of 10 minutes before control and experimental drug application responses
were obtained for analysis. KAR EPSCs were pharmacologically isolated by adding 50 μM
D(-)-2-Amino-5-phosphonopentanoic acid (APV), 50 μM picrotoxin (PTX), 200–400 nM
CGP 54626 (Tocris, Ellisville, MO), and 100 μM 1-(4-Aminophenyl)-4-methyl-7,8-
methylenedioxy-5H-2,3-benzodiazepine hydrochloride (GYKI 52466) to inhibit NMDA,
GABA-A, GABA-B, and AMPA receptors, respectively. In some experiments, AMPA
EPSCs were preferentially blocked by adding 1 μM 1,2,3,4-tetrahydro-6-nitro-2,3-dioxo-
benzo[f]quinoxaline-7-sulfonamide (NBQX). GYKI- and NBQX-resistant EPSCs were
inhibited by adding 10–50 μM 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX). A minimum
of 15 responses were recorded under each condition (before and after addition of either
GYKI 52466 or NBQX) and averaged for analysis. Evoked EPSC amplitudes were
calculated as the difference between either the averaged peak response or the average
response 90 ms after the peak, and the average of a 2 ms baseline region preceding the
stimulus. The contribution of the GYKI- or NBQX-resistant EPSC to the control non-
NMDA EPSC was calculated by dividing the amplitude of the GYKI- or NBQX-resistant
EPSC, either at the peak or 90 ms after the peak, by the peak of the control EPSC. When the
amplitudes of GYKI- or NBQX-resistant EPSC traces were scaled to reflect their relative
contributions to the non-NMDA EPSC, this was done by dividing the trace by a scale factor
sufficient to adjust the amplitude at 90 ms after the peak to a value equal to its %
contribution to the control EPSC. Time constants for EPSCs were obtained by fitting either
two (for control EPSCs) or one (for GYKI-resistant EPSCs) exponential function to the
decay phase of the current.

Processing of biocytin-labeled neurons
Following recording, brain slices were fixed with 4% paraformaldehyde in 100 mM
phosphate buffered saline (PBS) overnight. After a minimum of 24 hours, slices were
processed for biocytin according to published techniques (Kita and Armstrong, 1991, Aaron
et al., 2003, Smeal et al., 2006). Briefly, slices were rinsed in PBS and subsequently washed
in 1% H2O2 (in 10% methanol and 90% PBS) for 15 min. Following this step, the slices
were rinsed in PBS again and then permeabilized in 2% TritonX-100 (TritonX) in PBS for a
minimum of 2 hrs. An ABC Elite Kit (Vector Laboratories, CA) was used to visualize the
biocytin signal. The slices were left in this solution also containing 1% TritonX in PBS
overnight. After a series of washes in PBS, the slices were incubated in diaminobenzidine
(2.5 mg/ml) for 10 min or until clear staining was observed. Slices were rinsed again and
mounted in a glycerol solution containing MOWIOL 488 (Calbiochem, CA), a polyvinyl
alcohol that helps to clear thick tissue slices.

Statistical Analysis
All values are presented as mean ± SEM, and all error bars on all graphs represent SEM. N
values are the number of recordings from individual slice preparations (i.e., slices were not
used for more than a single experiment). Analyses were performed using GraphPad Prism
version 4.0b for Macintosh (GraphPad Software, San Diego California USA,
www.graphpad.com). Statistical comparisons between groups were performed with an
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unpaired, two-tailed, Student’s t test. Results were considered significant at p < 0.05 (*), and
considered increasingly significant at p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****).

RESULTS
Electrophysiological and Histological Characterization of mEC Superficial Layer Neurons

In order to identify the type of neuron being recorded from before examining its
postsynaptic kainate receptor mediated EPSCs, intrinsic electrophysiological properties were
observed in current-clamp mode. Representative voltage traces from the three primary
neuronal types found in Layers II and III of the mEC are shown in Figure 1, panels Aa–Ac.
As has been reported previously, these neuronal subtypes can be differentiated by the degree
of “sag” in their membrane potential in response to hyperpolarizing current injection
(Alonso and Klink, 1993,Jones, 1994,Dickson et al., 1997,Gloveli et al., 1997,van der
Linden and Lopes da Silva, 1998). Neurons either showed a large sag potential (Sag, Aa.),
an intermediate sag potential (Intermediate Sag, Ab.), or no sag potential (No Sag, Ac.) with
correspondingly sized rebound potentials upon cessation of the current injection. Sag
potentials were averaged across several cells in each class and found to be significantly
different from one another (Table 1).

Furthermore, the electroresponsive membrane properties of superficial layer neurons
differed from one another in several other ways (Table 1). S neurons had a more depolarized
resting membrane potential than IS or NS neurons. When membrane resistance was
calculated using measurements of the voltage deflection at either the peak (RPEAK) or the
steady state level at the end of the hyperpolarizing current step (RSS), significant differences
were found between S and NS neurons and between IS and NS neurons. When resistance
was measured at the steady state voltage deflection, differences were found between S and
IS neurons as well. Finally, action potential threshold was more hyperpolarized in S
neurons, and action potentials in S neurons commonly had depolarizing afterpotentials
(DAPs), while those from IS neurons had large afterhyperpolarizations (AHPs).

As in previous studies (Alonso and Klink, 1993, Klink and Alonso, 1993, Jones, 1994,
Dickson et al., 1997, Gloveli et al., 1997, van der Linden and Lopes da Silva, 1998), slices
were processed for biocytin in order to assess the location and morphology of these neurons,
and labeled neurons were correlated with their electrophysiology (Fig. 1Ba–Bc). When
examined in this manner, S neurons invariably had a stellate morphology characterized by a
broad dendritic arborization in Layer I and a cell body commonly found in Layer II (12 of
13 neurons). An example of an S neuron located in layer II with a stellate morphology can
be seen in Figure 1Ba. In contrast, NS neurons largely had one (but with up to three) apical
dendrite that bifurcated in Layer II and produced a narrow arborization in Layer I, and had
pyramidal cell bodies that were largely found in Layer III (18 of 20 neurons). An example of
a NS neuron located in layer III with a pyramidal cell body and morphology can be seen in
Figure 1Bc. The cell bodies of IS neurons were found both in Layer II (8 of 25 neurons) and
Layer III (7 of 25 neurons), while some were found on the boundary between Layers II and
III and could not be clearly assigned to either layer (10 of 25 neurons). Likewise, IS neurons
also showed a variety of morphologies; while some had a stellate-like appearance
indistinguishable from S neurons in Layer II, others had pyramidal cell bodies and
prominent apical dendrites similar to the NS neurons found in Layer III. An example of an
IS neuron located on the boundary of layers II and III with a pyramidal-like morphology can
be seen in Figure 1Bb.
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Characterization of non-NMDA EPSCs in Neurons of the Superficial mEC
Upon establishing the electrophysiological category of the mEC neuron being recorded
from, non-NMDA receptor mediated EPSCs were recorded in response to single low
frequency stimuli (0.1–0.2 Hz). These EPSCs were pharmacologically isolated by adding 50
μM APV, 50 μM PTX, and 200–400 nM CGP 54626 to inhibit NMDA, GABA-A, and
GABA-B receptors, respectively. In most cases, the minimum stimulus strength required to
elicit an EPSC was determined, and EPSCs were recorded at this stimulus strength as well
as at incrementally greater strengths. Ultimately, a maximal stimulus strength was
determined where stimuli in excess of this threshold value caused action currents in the
recorded neuron, recurrent excitation, and/or epileptiform network activity in the brain slice.
A total of 23 S, 16 IS, and 24 NS neurons were recorded from in this manner.

Representative traces of maximal stimulation strength evoked non-NMDA EPSCs are
illustrated in Figure 2A. Although not evident in the representative S neuron trace, non-
NMDA EPSCs often had both fast and slow components to their falling phase that were fit
well by two exponential functions (Fig. 2B). The corresponding time constants for the fast
components were 14.0±1.0 ms (N=14), 13.0±1.4 ms (N=16), and 15.8±1.3 ms (N=14) for S,
IS, and NS neurons, respectively (Fig. 2Ca). Likewise, the corresponding time constants for
the slow components were 121.2±11.7 ms (N=11), 114.4±17.6 ms (N=8), and 128.4±10.3
ms (N=11) for S, IS, and NS neurons, respectively (Fig. 2Cb). Differences between cell
types for either component of the EPSC decay were not significant.

The slow component of EPSCs in NS, pyramidal-like neurons often had strikingly larger
amplitudes than those observed in S and IS neurons (as in Fig. 2A). To evaluate this more
carefully, we first sought to determine if the peak amplitudes of the maximal stimulation
evoked EPSCs differed across cell types. The amplitudes of these EPSCs varied over a large
range for all cell types (−54 to −876 pA), and the mean amplitudes were as follows (pA ±
SE): −258.9±38.2 (N=23), −363.1±39.7 (N=16), and −221.9±35.9 (N=24) for S, IS, and NS
neurons, respectively (Fig. 2Da). While the mean amplitude of the IS neuron EPSC was
significantly larger than the NS neuron’s (p < 0.05), the difference between S and NS
neurons was not significant.

Likewise, we sought to measure the amplitude of the slow component of the control EPSC.
Using the fast and slow time constants (Fig. 2Ca–Cb), it was determined that the fast
component of the EPSC decays to ~0.3–0.1%, while the slow component decays to ~45–
50%, of its initial value at 90 ms. Thus, 90 ms after the peak was chosen as the time point to
measure the amplitude of the slow component (as indicated in Fig. 2B, solid circles). The
mean amplitudes of the non-NMDA EPSCs at 90 ms were (pA ± SE): −3.5±0.8 (N=23),
−8.3±2.0 (N=16), and −14.1±2.3 (N=24) for S, IS, and NS neurons, respectively (Fig. 2Db).
In contrast to what was observed for their peak amplitudes (Fig. 2Da), the mean amplitude
of the non-NMDA EPSC at 90 ms in S neurons was significantly smaller than that from both
the IS neurons (p < 0.05) and the NS neurons (p < 0.001).

Finally, we calculated the percent contribution of the non-NMDA EPSC at 90 ms to the
EPSC peak on an experiment-by-experiment basis (Fig. 2E). The amplitude of the EPSC at
90 ms was 1.2±0.2% (N=23), 2.4±0.6% (N=16), and 7.1±0.8% (N=24) of the peak for S, IS,
and NS neurons, respectively. The differences between S and NS neurons, as well as
between IS and NS neurons, was significant (p < 0.0001). Additionally, the difference
between S and IS neurons was significant (p < 0.05). When measured in this way, it was
concluded that the slow component contributes significantly more to combined non-NMDA
EPSC in NS, pyramidal-like neurons of Layer III than in either S or IS neurons.
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Postsynaptic KARs in Neurons of the Superficial mEC
In order to determine if neurons of the superficial mEC possessed postsynaptic KARs that
could be activated by the synaptic release of glutamate, KAR mediated EPSCs were
pharmacologically isolated by adding the AMPA receptor antagonist GYKI 52466 (GYKI)
(100 μM) to the perfusion solution. In addition to being resistant to GYKI, KAR-mediated
EPSCs have decay kinetics slower than their AMPA receptor mediated counterparts, and are
inhibited by CNQX (For reviews, see (Chittajallu et al., 1999, Frerking and Nicoll, 2000,
Lerma et al., 2001, Lerma, 2003, Lerma, 2006)). Thus, we used these additional criteria to
establish that the GYKI-resistant EPSCs in mEC neurons were indeed mediated by
postsynaptic KARs. Representative traces of responses both before and after adding GYKI
can be seen in Figure 3A. In all neuronal types, GYKI-resistant EPSCs were observed,
although the amplitudes and decay kinetics of these GYKI-resistant currents were different
between cell types.

To examine the decay kinetics of the GYKI-resistant currents, the peaks of the control and
GYKI-resistant EPSCs were normalized (Fig. 3A, insets). In most neurons, the majority of
the GYKI-resistant EPSC had decay kinetics far slower than the control EPSC (Fig. 3A, IS
and NS neuron insets). However, in some cases, the GYKI-resistant EPSC had decay
kinetics nearly identical to the control EPSC (Fig. 3A, S inset). Based on the kinetics of the
residual EPSC in these cells, it was concluded that these GYKI-resistant EPSCs were likely
being mediated by a small fraction of AMPA receptors that were not inhibited by 100 μM
GYKI 52466. This was most common in S neurons, where 7 of 14 neurons had a small
residual AMPA receptor mediated component, and 4 of those 7 did not have a clearly
detectable slow KAR mediated component to the GYKI-resistant EPSC (as in Fig. 3A, S
neuron). This is in contrast to IS and NS neurons, where all had a clearly detectable slow,
KAR mediated component to the GYKI-resistant EPSC, and only 4/16 and 5/14 neurons,
respectively, had a small residual AMPA receptor mediated component. The decay of these
slow GYKI-resistant EPSCs were fit with a single exponential function, and the
corresponding mean time constants (ms ± SE) for S, IS, and NS neurons were 139.8±13.8
(N=10), 143.9±10.1 (N=12), and 141.8±16.3 (N=12), respectively. These time constants
were not significantly different from one another. When summed, the mean time constant
for the GYKI-resistant EPSC was 142.9±7.7 ms (N=34). This was not significantly different
than the mean time constant for the slow decay phase of the control EPSC (122.0±7.2 ms,
N=30).

Next, we examined if the slow decay component of the control EPSC matched the amplitude
of the GYKI-resistant EPSC (Fig. 3B). In some cases, both the decay kinetics and amplitude
of the GYKI-resistant EPSC closely matched the slow phase of the control EPSC (Fig. 3B,
IS neuron). However, it was most often the case that the GYKI-resistant EPSCs had
significantly smaller amplitudes than the slow components of the control EPSCs (as in Fig.
3B, NS neuron). The GYKI-resistant EPSCs precisely match the control only when scaled to
compensate for their decreased amplitude (Fig. 3B, NS neuron, light grey trace with cross-
hatched fill). As has been shown previously (Paternain et al., 1995,Wilding and Huettner,
1995,Bleakman et al., 1996), this suggests that the concentration of GYKI used (100 μM)
was sufficient to partially block the slowly decaying KAR EPSC. To estimate the sensitivity
of the KAR EPSC to 100 μM GYKI, we quantified the relative amplitude of the GYKI-
resistant EPSC at 90 ms to the control EPSC at 90 ms. Differences between the cell types
were not significant (N.S.) although GYKI significantly reduced the currents within cell
types. The GYKI-resistant EPSC amplitude relative to the control EPSC at 90 ms was
43.9±11.5% (N=6), 37.5±6.8% (N=12), and 28.9±3.8% (N=14) for S, IS, and NS neurons,
respectively.
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It has long been appreciated that KAR mediated EPSCs at other synapses summate with
short trains of high-frequency stimuli (Castillo et al., 1997, Vignes and Collingridge, 1997).
To determine if this was the case for the slowly decaying KAR EPSCs in the mEC, trains of
5 stimuli at 100 Hz were applied to the extracellular stimulating electrode. Not surprisingly,
these short tetanic stimulations generated slowly decaying EPSCs with potentiating
amplitudes in the majority of neurons (Fig. 3C, IS and NS neurons). However, in neurons
that did not have a clear KAR EPSC in response to a single stimulus (Fig. 3A–B, S neuron),
the EPSC in response to the high frequency stimulation did not have a decay time constant
in the range expected for the KAR mediated EPSCs (~100–150 ms); instead, either no
prolonged inward current was observed or a very small amplitude, very slowly decaying
current was observed (Fig. 3C, S neuron).

As previously mentioned, a GYKI-resistant EPSC was observed in all neuronal types of the
superficial mEC. However, the relative amplitudes of these GYKI-resistant currents (and the
likelihood of a slow KAR mediated component even occurring) were significantly different
between cell types. The GYKI-resistant fraction of the peak non-NMDA EPSC (GYKI
Peak/Control Peak) was 2.0±0.3% (N=14), 2.4±0.3% (N=16), and 4.4±0.6% (N=14) for S,
IS, and NS neurons, respectively (Fig. 3D). The difference between the S and NS, as well as
between the IS and NS neurons, was significant (p < 0.001 and p < 0.01, respectively).
However, quantifying the relative amplitude of the KAR mediated EPSC by measuring the
peak amplitude was complicated by the fact that there was an incomplete block of the
AMPA receptor mediated EPSC (as in Fig. 3A–B, S neuron). Overestimation of the KAR
component due to incomplete block of the AMPA receptor mediated EPSC was therefore
avoided by measuring the percent of the GYKI-resistant EPSC at 90 ms relative to the
control EPSC peak. When measured in this way, it was found that the KAR EPSC’s
contribution to the non-NMDA EPSC was 0.8±0.2% (N=14), 0.9±0.2% (N=16), and
1.7±0.3% (N=14) for S, IS, and NS neurons, respectively (Fig. 3E). Significant differences
were found between S and NS neurons, as well as between IS and NS neurons (p < 0.05).
Thus, KARs mediate a larger portion of the combined non-NMDA EPSC in Layer III NS
neurons than in Layer II S or Layer II/III IS neurons.

To confirm that the slowly decaying GYKI-resistant EPSCs were mediated by postsynaptic
KARs, these current responses were tested for their sensitivity to 10 μM CNQX (Fig. 4).
EPSCs in response to both single low frequency stimulation (Fig. 4A) and to short trains of
high frequency stimulation (Fig. 4B) were tested in all three principle cell types of the
superficial mEC. As can be seen, GYKI-resistant EPSCs from all cell types, and in response
to both stimulation paradigms, were inhibited by CNQX.

Finally, we sought to confirm these findings using another agent to pharmacologically
isolate the KAR EPSCs in these neurons. In this case, we used 1 μM NBQX, which has been
reported to have a higher affinity at this concentration for AMPA receptors over KAR
receptors (Wilding and Huettner, 1996, Bureau et al., 1999, Cossart et al., 2002, Epsztein et
al., 2005). Representative recordings of non-NMDA EPSCs, both before and after adding 1
μM NBQX, from S an NS neurons, are shown in Figure 5A. Again, there is no slow
component to the control EPSC in the representative S neuron, while the NS neuron has a
prominent slow EPSC despite having a peak amplitude slightly smaller than the S neuron
(Fig. 5A; similar to Fig. 2A). When 1 μM NBQX is added, there is a resistant EPSC in the
NS neuron whose amplitude and kinetics closely match the slow component of the control
EPSC. However, the small NBQX resistant EPSC in the S neuron is kinetically similar to
the fast component of the control EPSC. This is more clearly illustrated when the peaks of
these EPSCs are normalized (Fig. 5A, insets). Furthermore, all of these NBQX-resistant
currents were sensitive to 10–50 μM CNQX (Fig. 5B). The contribution of these KAR
mediated currents to the combined non-NMDA EPSC was determined by comparing the
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amplitude of the NBQX-resistant EPSC at 90 ms to the peak of the control EPSC. When
measured in this way, it was found that the KAR mediated EPSC in NS was 2.2±0.6%
(N=10) of the non-NMDA EPSC, while the KAR EPSC in S neurons was 0.6±0.1% (N=9)
of the non-NMDA EPSC. Again, the KAR contribution to the non-NMDA EPSC in NS
neurons was significantly greater than those in S neurons (p < 0.05).

DISCUSSION
The present report is the first to examine in detail the functional presence of postsynaptic
KARs in the superficial layer neurons of the mEC. In doing so, we demonstrate in a number
of ways that KAR EPSCs recorded from the “No Sag”, pyramidal neurons in Layer III
contributed significantly more to the non-NMDA EPSC than did those recorded from either
“Sag” stellate neurons in Layer II or “Intermediate Sag” neurons in Layers II/III. This is
intriguing due to the recent observation that KAR activation in Layer III pyramidal neurons,
as in the hippocampus (Fisahn et al., 2004), may contribute to slow wave and gamma
frequency oscillations in this brain region (Cunningham et al., 2003, Cunningham et al.,
2006). Additionally, given the established roles of KARs in mediating excitotoxicity,
particularly in CA3 neurons of the hippocampus, we speculate that the greater functional
expression of KARs in layer III pyramidal neurons of the mEC may contribute to their
selective vulnerability in TLE and animal models of TLE.

Superficial Layer Neurons of the Rat Medial Entorhinal Cortex
Although the electroresponsive membrane properties and morphologies of neurons in the
superficial layers of the mEC have been previously characterized by others (Alonso and
Klink, 1993, Klink and Alonso, 1993, Jones, 1994, Dickson et al., 1997, Gloveli et al., 1997,
van der Linden and Lopes da Silva, 1998, Heinemann et al., 2000), we performed these
experiments in order to classify neurons before examination of the presence and
contributions of their postsynaptic KARs. Consistent with numerous studies, we identified
three primary neuronal classes. We adopted a naming convention from van der Linden and
Lopes da Silva based on the presence or absence of a time-dependent inward rectification
(sag) in response to hyperpolarizing current pulses (van der Linden and Lopes da Silva,
1998). We refer to these neuronal classes as Sag (S), Intermediate Sag (IS), and No Sag
(NS) neurons. This sag potential has been attributed to the presence of Ih in these neurons
(Dickson et al., 2000b). Biocytin labeling of recorded neurons revealed that NS neurons
were localized to Layer III and exhibited pyramidal-like morphology. In contrast, S neurons
had a stellate morphology and were predominantly located in Layer II of the mEC. Finally,
IS neurons were found in both Layers II and III and varied between stellate-like and
pyramidal-like morphologies. This is consistent with previous reports which found that the
morphologies of mEC neurons with IS-like characteristics were in some cases pyramidal-
like (Alonso and Klink, 1993), in other cases stellate-like (Jones, 1994), and in other cases
referred to as “non-stellate” or “other” (Erchova et al., 2004).

Postsynaptic Kainate Receptors of the mEC
Although not universally present, functional postsynaptic KARs have been shown to be
present in a variety of cell types such as cerebellar granule cells and Golgi cells (Bureau et
al., 2000), retinal bipolar cells (DeVries and Schwartz, 1999), neurons of the superficial
dorsal horn (Li et al., 1999), lateral superior olive (Vitten et al., 2004), motor &
somatosensory cortex (Kidd and Isaac, 1999, Ali, 2003, Eder et al., 2003), the amygdala
(Gryder and Rogawski, 2003, Rogawski et al., 2003), the anterior cingulate cortex (Wu et
al., 2005), the globus pallidus (Jin et al., 2006), and a variety of neurons in the hippocampus
(Castillo et al., 1997, Vignes and Collingridge, 1997, Cossart et al., 1998, Frerking et al.,
1998, Frerking et al., 1999, Cossart et al., 2002). In accordance with these previous studies,
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KAR mediated EPSCs in the mEC were defined by their resistance to 100 μM GYKI 52466
or 1 μM NBQX, their small amplitude and slow kinetics, the ability to summate during high
frequency stimulation, and their inhibition by 10–50 μM CNQX.

In the present set of experiments, we aimed to quantify the relative contribution of the KAR
EPSC to the non-NMDA EPSC across three neuronal types in the superficial mEC.
Interestingly, regardless of the way in which the contribution of KARs to the EPSC was
evaluated, the results were always qualitatively the same: NS, pyramidal neurons of Layer
III always had the greatest, statistically significant, contribution of KARs when compared to
the other two cell types (Figs. 2E, 3D–E, and 5C).

One variable that affected the quantification of the KAR contribution to the EPSC was that,
occasionally, a small residual EPSC with fast kinetics similar, or identical, to the control
EPSC was resistant to 100 μM GYKI 52466 (Fig. 3A–B, S neuron) or 1 μM NBQX (Fig.
5A, S neuron). Based on their decay times, these fast EPSCs were interpreted to be due to
postsynaptic AMPA receptors that were not fully blocked by GYKI or NBQX at these
concentrations; this interpretation is consistent with the reported IC50 values for GYKI
52466 and NBQX inhibition of AMPA receptors (Paternain et al., 1995, Wilding and
Huettner, 1995, Bleakman et al., 1996, Wilding and Huettner, 1996). Thus, using the GYKI-
or NBQX-resistant EPSC peak as the amplitude of the KAR EPSC would generate inflated
values and overestimates of the KAR contribution in these cases. To address this issue, we
measured the amplitude of the GYKI- or NBQX-resistant EPSC at 90 ms after the peak (Fig.
2B). At this time point, the average AMPA EPSC has decayed to <1% of its peak value,
while the slower KAR EPSC only decays to approximately 50% of its peak. Although these
values (Fig. 3E, 5C) underestimate the actual contribution of the KAR EPSC to the
combined non-NMDA EPSC by approximately 50%, any potential contamination by
activation of residual AMPA receptors is mitigated and this measure should provide a better
estimate of the relative contributions of KARs between neuron types in the superficial mEC.

A second issue that needs to be considered when trying to determine the extent to which
KAR activation contributes to the non-NMDA EPSC is that, in most cases, the amplitude of
the GYKI- or NBQX-resistant EPSC was notably smaller than during the slow phase of the
control EPSC (as in Fig. 3B, NS neuron). In these cases, 100 μM GYKI or 1 μM NBQX
partially inhibited the KAR EPSC; again this is consistent with the reported IC50 values for
GYKI 52466 and NBQX inhibition of KARs (Paternain et al., 1995,Wilding and Huettner,
1995,Bleakman et al., 1996,Wilding and Huettner, 1996). Therefore, the values for the KAR
EPSC contribution to the combined EPSC may be substantially underestimated due to
partial inhibition of the KAR EPSC by GYKI or NBQX. Although there was a trend towards
greater inhibition of the KAR EPSC by GYKI in NS neurons, the inhibition was not
significantly different across neuronal classes. Therefore, this consideration should not
affect the relative differences in contributions as reported in Figures 3E and 5C, although it
would result in a substantial underestimation of the actual contribution.

Given these considerations, particularly those involving limitations in the pharmacological
agents used, perhaps the most accurate means by which to measure the KAR EPSC
contribution to the non-NMDA EPSC is by comparing the amplitudes of the peak and the
slow component (measured at 90 ms after the peak) of the control EPSC (Fig. 2E). Based on
the time constants for the decay of the slow component of the control and GYKI-resistant
EPSCs, the peak of the KAR EPSC can be estimated to be ~2x the amplitude measured at 90
ms. Additionally, the peak of the slow component can also be estimated on an experiment-
by-experiment basis by the “A” value of the exponential fit (Amplitude (pA) = A*e^(−t/τ) +
C, where A is the span, C is the plateau, τ is the time constant, and t is the time). When these
comparisons are examined for NS neurons, the Control 90 ms/Peak EPSC is 7.1±0.8%
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(N=24, Fig. 2E), ~2x of this value, which estimates the slow component’s peak as a fraction
of the combined peak, is 14.2%, and the mean A value for the slow component of the
control EPSC was 12.4±2.3% (N=8). Therefore, our results indicate that KARs mediate
approximately 12–14% of the non-NMDA EPSC peak in NS neurons of Layer III. This
estimated value is slightly larger than those reported for other neurons where KAR EPSCs
have been shown (≤ 10% in response to a single stimulation) (Lerma, 2003,Marchal and
Mulle, 2004,Pinheiro and Mulle, 2006).

Although it is not clear why the amplitude of KAR mediated EPSCs is small compared to
those of AMPA receptors, it does not appear to be due to diffusion of glutamate out of the
synaptic cleft to extrasynaptic KARs (Bureau et al., 2000). Despite their small amplitude, it
is generally accepted that KARs play a significant role in synaptic transmission. For
instance, the slow decay kinetics of KAR EPSCs results in a total charge transfer similar to
that of AMPA EPSCs in CA1 interneurons (Frerking et al., 1998). Furthermore, the slow
decay kinetics of KARs appear to mediate a large influence on membrane potential due to
summation of EPSCs at physiologically relevant firing rates (Frerking and Ohliger-Frerking,
2002). This temporal summation of KAR mediated EPSCs may also play a role in the
generation and maintenance of slow wave oscillations in layer III pyramidal neurons of the
mEC (Cunningham et al., 2006).

Kainate receptors are involved in Excitotoxicity and Temporal Lobe Epilepsy
KARs have long been implicated in the pathophysiology of TLE (see review by (Ben-Ari
and Cossart, 2000)). Systemic or intracerebral injection of KA is commonly used to model
TLE since it causes status epilepticus and ultimately results in chronic epilepsy and a pattern
of cell loss that is similar to that found in patients with TLE. It has been suggested that CA3
neurons of the hippocampus are among the most responsive neurons to KA since these
neurons degenerate following local or distal KA injections (Nadler et al., 1978, Nadler et al.,
1980). In support of this, a considerable amount of work has clearly demonstrated the
presence of postsynaptic KARs at the mossy fiber-CA3 synapse, and GluR6-deficient mice
are less susceptible to KA-induced seizures and excitotoxic neuronal death in the CA3
region of the hippocampus (Mulle et al., 1998, Fisahn et al., 2004). Furthermore, the
intracerebroventricular injection of a peptide that disrupts GluR6-PSD95-MLK3 signaling
can prevent kainate-induced neuronal loss in CA3 neurons (Liu et al., 2006). In contrast,
enhanced expression of GluR6 leads to a excitotoxic degeneration in cultured fibroblasts as
well as CA3 and CA1 neurons from hippocampal slice cultures (Bergold et al., 1993).

KARs are also implicated in seizure generation. Overexpression of GluR6 in rat
hippocampus produces seizures (Telfeian et al., 2000), and mice deficient in GluR6 editing
are more susceptible to KA-induced seizures (Vissel et al., 2001). Pharmacologically, the
anticonvulsant topiramate can block GluR5-containing KARs and can protect against
seizures induced by the GluR5-selective agonist ATPA (Gryder and Rogawski, 2003,
Rogawski et al., 2003, Kaminski et al., 2004). Other GluR5 selective antagonists, such as
LY377770 & LY382884, can prevent the induction and maintenance of pilocarpine-induced
limbic seizures and epileptiform activity induced by electrical stimulation, both in vitro and
in vivo (Smolders et al., 2002). Finally, KARs are aberrantly expressed on granule cells after
mossy fiber sprouting in epileptic rats (Epsztein et al., 2005).

As discussed earlier, Layer III pyramidal neurons of the mEC, like CA3 neurons of the
hippocampus, rapidly degenerate following an episode of status epilepticus in response to
systemic injection of kainate. Although the roles that KARs play in the hippocampus have
been extensively studied, this report is the first to examine in detail the contributions of
postsynaptic KARs to synaptic transmission in the superficial layer neurons of the mEC.
Since KARs contribute more to the non-NMDA EPSC in the Layer III pyramidal neurons

West et al. Page 11

Neuroscience. Author manuscript; available in PMC 2010 August 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



than in neurons of Layers II, they may contribute to the vulnerability of these neurons in
TLE. In any event, information gained from these experiments should provide a necessary
first step towards understanding the selective vulnerability of Layer III neurons to KA and
the role the mEC plays in the development and maintenance of TLE.
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Figure 1. Electroresponsive Membrane Properties and Morphologies of mEC Neurons
ARepresentative voltage traces from the three primary neuronal types found in Layers II and
III. Neurons were recorded in current clamp mode and injected with a holding current
sufficient to maintain the membrane potential at −70 mV. Neurons were then hyperpolarized
or depolarized by square current steps ranging from −300 pA to > +300 pA in 30 pA
intervals. Neuronal types are primarily classified by the degree of “sag” in their membrane
potential in response to a sustained hyperpolarizing current injection: Aa. Sag (S), Ab.
Intermediate Sag (IS), and Ac. No Sag (NS). Scale bars associated with Sag (S) neuron
apply to all voltage traces. B. Camera lucida reconstructions of representative biocytin filled
neurons for each neuron class in the superficial layers of the mEC. Layers I, II, and III are
indicated. Arrows point to axons extending into the deep layers of the mEC. Ba. A Sag
neuron with a stellate morphology whose cell body was located in layer II. Bb. An
Intermediate Sag neuron with a pyramidal-like morphology whose cell body was located on
the border of layers II and III. Bc. A No Sag neuron with a pyramidal morphology whose
cell body was located in layer III. Scale bar (100 μm) associated with the layer II stellate
neuron applies to all neurons.
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Figure 2. Characterization of non-NMDA EPSCs in mEC Superficial Layer Neurons
Neurons were voltage clamped at −70 mV, and low frequency (0.1–0.2 Hz) stimuli were
used to evoked EPSCs as described in Materials and Methods. All traces were recorded in
the presence of 50 μM APV, 50 μM PTX, and 200–400 nM CGP 54626 and are the average
of 15–30 responses. A, Representative traces from Sag (S), Intermediate Sag (IS), and No
Sag (NS) Neurons. Scale bars located at far right apply to all traces. Upper dashed line
represents baseline current before stimulation, and lower dashed line represents the
amplitude of the peak non-NMDA EPSC from the S neuron. In contrast to the S and IS
neurons, there is a large slow-decay component to the EPSC in the NS neuron. B,
Representative trace from a NS neuron illustrating the kinetics of the fast and slow phases of
the EPSC decay. Only the first 20 pA of the EPSC are shown. The black line represent the
trace and the thick grey line represent the slow phase of the fitted data (τslow). Black lines in
the Insets show the entire EPSC and thick grey lines show either the fast phase of the EPSC
(τfast) or the two phase exponential fit (τfast+slow). Scale bar in inset represents 50 pA and 50
ms. Solid circles indicate the 90 ms time point after the peak of the EPSC used in later
calculations. C, Bar graphs representing the average time constants (τ ± SE) for the fast
phase, Ca, and the slow phase, Cb, of the EPSC decay for each of the cell types in the
superficial mEC. S, IS, and NS data are represented by white, grey, and black bars,
respectively. Differences between the cell types were not significant (N.S.) for either
measure. The fast time constants (ms) for S, IS, and NS neurons were 14.0±1.0 (N=14),
13.0±1.4 (N=16), and 15.8±1.3 (N=14), respectively. The slow time constants (ms) for S, IS,
and NS neurons were 121.2±11.7 (N=11), 114.4±17.6 (N=8), and 128.4±10.3 (N=11),
respectively. D, Scatter plots showing the EPSC amplitudes at the peak, Da, and 90 ms after
the peak, Db, for each cell type in the superficial mEC. S, IS, and NS data are represented
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by white, grey, and black circles, respectively. Mean peak amplitudes (pA) are represented
by horizontal lines and are −258.9±38.2 (N=23), −363.1±39.7 (N=16), and −221.9±35.9
(N=24) for S, IS, and NS neurons, respectively. The difference between IS and NS neurons
was significant (*, p<0.05). Mean amplitudes at 90 ms after the peak (pA) are represented
by horizontal lines and are −3.5±0.8 (N=23), −8.3±2.0 (N=16), and −14.1±2.3 (N=24) for S,
IS, and NS neurons, respectively. The difference between S and IS neurons (*, p<0.05), as
well as S and NS neurons (***, p<0.001), was significant. E, Bar graph representing the
relative amplitude of the EPSC at 90 ms as a percentage of the peak. S, IS, and NS data are
represented by white, grey, and black bars, respectively. On a neuron-by-neuron basis, the
amplitude of the EPSC at 90 ms was 1.2±0.2% (N=23), 2.4±0.6% (N=16), and 7.1±0.8%
(N=24) of the peak for S, IS, and NS neurons, respectively. The differences between S and
NS neurons, as well as between IS and NS neurons, was significant (****, p<0.0001).
Additionally, the difference between S and IS neurons was significant (p < 0.05).
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Figure 3. Characterization of GYKI-resistant EPSCs in mEC Superficial Layer Neurons
Neurons were voltage clamped at −70 mV, and low frequency (0.1–0.2 Hz) or high
frequency (5 at 100 Hz) stimuli were used to evoke EPSCs as described in Materials and
Methods. All EPSCs in each column of panels A–C were recorded from the same S, IS, and
NS neurons. All traces are the average of 15–30 responses under each condition. A,
Representative traces of Control EPSCs (black) and EPSCs resistant to 100 μM GYKI
52466 (grey). Insets illustrate control and GYKI-resistant EPSCs normalized to their peak
amplitude; time scale bars in insets are 50 ms. Note that while the GYKI-resistant EPSCs
from IS and NS neurons have decay kinetics dramatically slower than the control EPSC, the
GYKI-resistant EPSC from the S neuron had kinetics that closely matched the control
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EPSC. B, Magnification of the first 20 pA of the EPSCs illustrated in panel A. Again,
control (black) and GYKI-resistant (grey) EPSCs are shown. In the NS neuron, note the
additional trace representing the GYKI-resistant EPSC when its amplitude is scaled to match
the amplitude of the slow phase of the control EPSC (light grey EPSC). The difference
between the GYKI-resistant EPSC and the scaled GYKI-resistant EPSC is indicated by
cross-hatched fill. Scale bars associated with S neuron traces also apply to IS and NS neuron
traces. C, Summation of GYKI-resistant EPSCs in response to high frequency stimulation.
All EPSCs were evoked by a train of 5 stimuli at 100 Hz. Scale bars associated with S
neuron traces also apply to IS and NS neuron traces. D,E, The contribution of GYKI-
resistant EPSCs to the control non-NMDA EPSCs in mEC neurons. The amplitude of the
GYKI-resistant EPSC at its peak, D, or at 90 ms after the peak, E, was divided by the peak
amplitude of the control EPSC (% ± SE). In both graphs, S, IS, and NS data are represented
by white, grey, and black bars, respectively. The % contributions of the GYKI-resistant
EPSCs at their peak for S, IS, and NS neurons were 2.0±0.3% (N=14), 2.4±0.3% (N=16),
and 4.4±0.6% (N=14), respectively. The % contributions of the GYKI-resistant EPSCs at 90
ms after the peak for S, IS, and NS neurons were 0.8±0.2% (N=14), 0.9±0.2% (N=16), and
1.7±0.3% (N=14), respectively. For the peak GYKI-resistant EPSCs, significant differences
were found between S and NS (***, p<0.001), as well as between IS and NS neurons (**,
p<0.01). For GYKI-resistant EPSCs 90 ms after the peak, significant differences were found
between S and NS (*, p<0.05), as well as between IS and NS neurons (*, p<0.05).
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Figure 4. GYKI-resistant EPSCs are inhibited by 10 μM CNQX
All traces are the average of 15–30 responses under each condition. A, GYKI-resistant and
CNQX-resistant EPSCs evoked by low frequency (0.1–0.2 Hz) stimulation. B, GYKI-
resistant and CNQX-resistant EPSCs evoked by high frequency (5 stimuli at 100 Hz)
stimulation. The amplitudes of the EPSCs share a common scale bar associated with the NS
neuron traces in both panels. These scale bars represent the relative contribution of the
GYKI-resistant EPSCs to the control EPSC (% of control) as described in Materials and
Methods. An additional scale bar representing the varying amplitudes (pA) of each set of
traces is shown to the left of the GYKI-resistant EPSC peaks in all cases. Note that
regardless of the stimulation protocol used, the NS neuron’s GYKI-resistant EPSC
contributes more to the control non-NMDA EPSC than do those from either S or IS neurons.
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Figure 5. Characterization of NBQX-resistant EPSCs in mEC Superficial Layer Neurons
Neurons were voltage clamped at −70 mV, and low frequency (0.1–0.2 Hz) stimuli were
used to evoked EPSCs as described in Materials and Methods. All EPSCs in each column of
panels A–B were recorded from the same S and NS neurons. All traces are the average of
15–30 responses under each condition. A, Representative traces of Control EPSCs (black)
and EPSCs resistant to 1 μM NBQX (grey). Scale bars located center apply to all traces.
Upper dashed line represents baseline current before stimulation, and lower dashed line
represents the amplitude of the peak non-NMDA EPSC from the S neuron. Insets illustrate
control and GYKI-resistant EPSCs normalized to their peak amplitude; time scale bars in
insets are 50 ms. Note that while the NBQX-resistant EPSCs from the NS neuron has decay
kinetics dramatically slower than the control EPSC, the NBQX-resistant EPSC from the S
neuron had kinetics that closely matched the control EPSC. B, Magnification of the first 12
pA of the NBQX-resistant EPSCs illustrated in panel A (grey) before and after adding 50
μM CNQX (black). Scale bars located center apply to all traces. C, The contribution of
NBQX-resistant EPSCs to the control non-NMDA EPSCs. S and NS data are represented by
white and black bars, respectively. The amplitude of the NBQX-resistant EPSC at 90 ms
after the peak was divided by the peak amplitude of the control EPSC (% ± SE) and was
2.2±0.6% (N=10) of the non-NMDA EPSC for the NS neuron, while the KAR EPSC in S
neurons was 0.6±0.1% (N=9) of the non-NMDA EPSC. Again, the KAR contribution to the
non-NMDA EPSC in NS neurons was significantly greater than those in S neurons (p <
0.05).
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