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Calcium release via activation of presynaptic IP3 receptors
contributes to kainate-induced IPSC facilitation in rat neocortex
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Abstract

We examined the mechanisms of kainate (KA) induced modulation of GABA release in rat prefrontal
cortex. Pharmacologically isolated IPSCs were recorded from visually identified layer 11/111
pyramidal cells using whole cell patch clamp techniques. KA produced an increase in evoked IPSC
amplitude at low nanomolar concentrations (100-500 nM). The frequency but not the amplitude of
miniature (m) IPSCs was also increased. The GIuR5 subunit selective agonist (RS)-2-amino-3-(3-
hydroxy-5-tert-butylisoxazol-4-yl) propanoic acid (ATPA) caused an increase in mIPSC frequency
whereas (3S,4aR,6S,8aR)-6-(4-carboxyphenyl)methyl-1,2,3,4,4a,5,6,7,8,8a-
decahydroisoquinoline-3-carboxylic acid (LY 382884), a selective GIUR5 subunit antagonist,
inhibited this facilitation. Philanthotoxin-433 (PhTx) blocked the effect of KA, indicating
involvement of Ca2*-permeable GIuRS5 receptors. No IPSC facilitation was seen when Ca2* was
omitted from the bathing solution. Facilitation was observed when slices were preincubated in
ruthenium red or high concentrations of ryanodine, but was inhibited with application of thapsigargin.
The IP3 receptor (IP3R) antagonists diphenylboric acid 2-amino-ethyl ester (2-APB) (15 uM) and
Xestospongin C (XeC) blocked IPSC facilitation. These results show that activation of KA receptors
(KARs) on GABAergic nerve terminals results is linked to intracellular Ca2* release via activation
of IP3, but not ryanodine, receptors. This represents a new mechanism of presynaptic modulation
whereby Ca2* entry thru CaZ*-permeable GIUR5 subunit containing KARs activates IP3Rs receptors
leading to an increase in GABA release.
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1. Introduction

Prefrontal cortex, like other parts of neocortex, contains extensively interconnected networks
of pyramidal cells and interneurons (Bartho et al., 2004; Douglas and Martin, 2004). Feedback
inhibition via GABAergic interneurons provides a stabilizing influence and prevents runaway
excitation (Galarreta and Hestrin, 1998; Varela et al., 1999). It is well established that cortical
networks are modulated via dopaminergic (Bjorklund and Lindvall, 1984), noradrenergic

(Kawaguchi and Shindou, 1998) and cholinergic (Mesulam et al., 1983) inputs. Control over
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local cortical circuits is also exerted by metabotropic glutamate (Bandrowski et al., 2003) and
GABAGg receptors (Sutor and Luhmann, 1998). It is becoming clear that presynaptic KARs
also modulate cortical inhibitory synaptic transmission (Ali et al., 2001; Ren et al., 2007).

KARs are widely expressed in the neocortex where five different KAR subunits are found,
glutamate receptors 5, 6, 7 (GIuR5-7) and kainate receptors 1 and 2 (KA1 and KA2) (Wisden
and Seeburg, 1993). GIuR5-7 are known to form functional homomeric glutamate receptors
(Hollmann and Heinemann, 1994; Bettler and Mulle, 1995; Schiffer et al., 1997). Functional
KA1 and KA2 homomeric receptors are not found (Werner et al., 1991; Herb et al., 1992) but
these subunits can co-assemble with GluR5-7 to make channels with unique properties
(Hollmann and Heinemann, 1994; Chittajallu et al., 1999). KARs are found both pre- (Kidd et
al., 2002; Ali et al., 2001) and postsynaptically (Ali, 2003; Eder et al., 2003) in the neocortex.
Presynaptic receptors can facilitate both glutamatergic (Campbell et al., 2007) and inhibitory
GABAergic transmission (Xu et al., 2006; Ren et al., 2007). The precise mechanism whereby
presynaptic KARs modulate GABA release in the neocortex is not clear and the role of specific
subunits has not been established.

Neurotransmitter release can be altered by calcium release from intracellular stores (Meldolesi,
2001; Rose and Konnerth, 2001; Lauri et al., 2003; Simkus and Stricker, 2002). Such liberation
from the endoplasmic reticulum (ER) is mediated through RyRs and IP3Rs (Berridge, 1998).
Both function as calcium-permeable channels in the ER membrane, the opening of which is
promoted by cytosolic calcium, leading to the phenomenon of Ca2*-induced Ca?*-release
(CICR) (Friel and Tsien, 1992; Nakamura et al., 1999). In addition to Ca2*, the gating of IP3Rs
requires IP3, an intracellular messenger that is generated through a Gg-coupled signal
transduction pathway. Ca2* and IP3 can thus function as chemical computational signals,
mediating complex, bidirectional interactions between the plasma membrane and ER that
underlie diverse processes, including excitability, neurotransmitter release, plasticity, and gene
transcription (Berridge, 1998).

Presynaptic activation of CICR is known to regulate neurotransmitter release (Narita et al.,
1998, 2000) and has been implicated in some (Lauri et al., 2005) but not all (Breustedt and
Schmitz 2004) studies of KAR induced facilitation. We demonstrate the presence of functional
presynaptic KARs in the prefrontal cortex that are involved in the modulation of GABAergic
transmission. In contrast to previous studies showing IPSC depression (Clarke et al., 1997;
Rodriguez-Moreno et al., 1997; Frerking et al., 1998; Min et al., 1999; Ali et al., 2001; Cossart
et al., 2001), we observe facilitatory effects of KA on IPSCs. This facilitation involves the
GIuR5 subunit and CICR from intracellular stores. Our results indicate a novel mechanism
whereby KAR activation leads to an 1P3 receptor mediated increase in Ca2* release from
intracellular stores producing IPSC facilitation in layer 11/111 pyramidal cells.

2. Materials and Methods

2.1 Slice preparation

Slices from 18-25 day-old rat neocortex were prepared using procedures similar to those
described previously (Campbell et al., 2007). Animals were handled and housed according to
the NIH Committee on Laboratory Animal Resources guidelines. All experimental protocols
were approved by the University of Alabama Institutional Animal Care and Use Committee.
Every effort was made to minimize pain and discomfort. In brief, rats of either sex were
anesthetized with ketamine (100 mg/kg) and decapitated. The brain was quickly removed and
placed in ice-cold oxygenated saline containing (in mM): 125 NaCl, 3.5 KCI, 0.5 CaCly, 3.5
MgCl,, 26 NaHCO3 and 10 D-glucose. A block of frontal association cortex (Paxinos and
Watson, 1997) was prepared and cut in 300 pum thick slices using an Oxford Series 1000
Vibratome (Ted Pella Inc., Redding CA). Slices were initially stored at 37 °C for one hour.
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After an additional recovery period of at least 1 hr at room temperature, individual slices were
transferred to a recording chamber mounted on the stage of a Leica DM LFSA (Leica
Microsystems Wetzlar GMBH, Wetzlar, Germany) microscope equipped with infrared
Nomarski differential interference contrast optics. The chamber was continuously perfused
with oxygenated saline at a rate of 2-4 ml/min at 32 °C. For whole-cell patch clamp recordings,
individual cells were visualized using a Leica 40X, .75 NA long-working distance water
immersion objective. Images were detected using an infrared-sensitive video camera
(Newvicon C2400-07-C, Hamamatsu, Japan) and displayed on a video monitor. Pyramidal
neurons in layers 11/111 were identified during recording by their depth below the pial surface,
their regular spiking properties, pyramidal shape and prominent apical dendrites.

2.2 Solutions and chemicals

The extracellular recording saline had the following composition (in mM): 125 NaCl, 3.5 KCl,
1.25 NaH,POy, 2.5 CaCl,, 1.3 MgSQOy, 26 NaHCOg3, and 10 D-glucose. The patch pipette
solution had the following composition (in mM): 134 KCI, 0.5 ethyleneglycol-bis-(j-
aminoethyl ether)-N,N,N',N',-tetraacetic acid (EGTA), 2 Mg-ATP, 0.2 NaGTP and 10 HEPES.
The pH was adjusted to 7.3 with 1M KOH and osmolarity was adjusted to 290-300 mOsm
with sucrose. Cadmium, 2-APB, PhTx, ryanodine and thapsigargin were obtained from Sigma-
Aldrich (St. Louis, MO). D-2-amino-5-phosphonovalerate (D-APV), 4-(8-Methyl-9H-1,3-
dioxolo[4,5-h][2,3]benzodiazepine-5-yl)-benzenamine hydrochloride (GYKI152466), (S)-4-
carboxyphenylglycine ((S)-4-CPG), KA and (2S)-(+)-5,5-Dimethyl-2-morpholineacetic acid
(SCH50911) were purchased from Tocris Cookson Inc. (Ellsville, MO). XeC was purchased
from Calbiochem (San Diego, CA, USA). LY 382884 was a gift from Eli Lilly (Indianapolis,
IN, USA).

2.3 Stimulation

Synaptic responses were evoked with a bipolar stimulating electrode (twisted pair of 25 um
Formvar insulated nichrome wires) positioned 150-200 pum below the recording pipette.
Stimulation pulses were 50-200 pA in amplitude and 80-100 ps in duration. A series of
increasing stimulations were applied until stable IPSCs were evoked. This stimulation level
was termed the threshold value. A stimulation frequency of 0.05 Hz was used to establish
control responses. Averages of 10 consecutive responses were routinely collected and
displayed. IPSC amplitudes were measured as the difference between baseline and peak.

2.4 Recording and analysis

Recordings were obtained at 32°C using whole-cell patch-clamp techniques. Patch pipettes
were pulled from borosilicate glass capillaries on a Narishige Model PP-83 puller and had
resistances of 3-4 MQ. Whole-cell recordings were made in voltage-clamp mode using an
Axopatch 1B amplifier (Molecular Devices, Sunnyvale, CA), controlled by Clampex 8.0
software via a Digidata 1322A interface (Molecular Devices). Evoked responses were filtered
at 2 kHz, digitized at 10 kHz and analyzed using Clampfit 8.0 software (Molecular Devices).
Spontaneous and miniature IPSCs were analyzed with Mini Analysis Program (Synaptosoft,
Inc., Leonia, NJ). Continuous records, five minutes in duration, of IPSCs were obtained before,
during and after kainate application. The root mean square (RMS) value of the baseline noise
was determined. An amplitude threshold of 2-3 times the RMS noise level was used. Events
exceeding this amplitude threshold and having rise times of less than 1.2 ms and decay time
less than 20 ms were automatically detected. Subsequent visual analysis was used to verify
each event as an IPSC. Cumulative probability plots were used using routines available in the
Mini Analysis program. Data are expressed as mean + SEM. Statistical analysis of response
amplitudes before, during, and after drug applications was carried out using a two-tailed
Student’s t-test with Statmost software (Data-Most). p < 0.05 was considered significant.
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3. Results

3.1 Kainate facilitation of evoked IPSCs

Under direct visualization, layer 1I-111 pyramidal neurons in prefrontal cortex were studied
under voltage clamp conditions. In order to test the effect of KA on pharmacologically isolated
evoked IPSCs, NMDA- and AMPA-mediated EPSCs were blocked with 50 uM D-APV and
50 uM GYKI152466, respectively. GABAg receptors were blocked with 2 uM SCH50911.
Synaptic responses were elicited by intracortical stimulation near the layer 111/IV border. An
example of a typical evoked IPSC is shown in Fig. 1A. Responses began after a short synaptic
delay, had a rapid rising phase and decayed exponentially. Evoked currents were blocked by
10 uM bicuculline, a GABA receptor antagonist, suggesting that the observed currents were
mediated through activation of GABA receptors (data not shown). An increase in amplitude
of the evoked response was seen after bath application of 250 nM KA (Fig. 1B). The inset
shows the records scaled to the same peak amplitude and superimposed. No change in the decay
kinetics upon application of KA was observed. A summary plot of the effects of 250 nM KA,
as a function of time, is shown in Fig. 1C. IPSC amplitude increased during KA application
and recovered upon washing. IPSC facilitation was seen with KA concentrations from 100-
500 nM whereas depression of IPSCs was observed after bath application of 1-10 uM KA
(Fig. 1D). High concentrations of kainate also produced an increase in holding current, as
described previously (Campbell et al., 2007). At 1 uM, KA produced a change in holding
current of —90.32 £ 8.34 pA (n = 7). When applied in the presence of 20 uM CNQX, the change
in holding current observed with 1 pM KA was —10.1 £ 2.5 pA (n = 4). An inward current of
—175.24 + 15.46 pA was seen with application of 3 uM KA. When 3 uM KA was applied in
the presence of CNQX, an inward current of —8.6 £ 3.1 pA (n = 3) was observed. The results
with CNQX suggest that the changes in holding current induced by 1-3 uM KA are due to
activation of postsynaptic kainate receptors.

If low concentrations of KA were acting presynaptically to enhance transmitter release, a
decrease in the number of failures would be expected, as reported at inhibitory synapses in the
hippocampus (Jiang et al., 2001). In control conditions, synaptic failures occurred 35% of the
time (Fig. 1E, upper panel). Failures were not observed after application of 250 nM KA (Fig.
1E, lower panel). Overall, the failure rate was 35 + 0.4% under control conditions and decreased
to 1.4 £ 0.2% (n = 20) in the presence of KA. We also reasoned that if facilitatory KARs were
present on the nerve terminals of GABAergic interneurons, KA should increase the frequency
of mIPSCs without affecting their amplitude. To block Na* dependent action potentials, 1 pM
TTX was bath applied. As shown in Fig. 2A and B, mIPSC frequency increased in the presence
of 100 nM KA. Cumulative probability plots demonstrated that mIPSC frequency was
significantly increased (Fig. 2C, 1.38 £ 0.5 Hz control vs. 2.34 + 0.4 Hz in KA, p < 0.05, n =
8) whereas amplitudes were not affected (Fig. 2D, 34.84 + 4.1 pA control vs. 39.20 £ 7.1 pA
in KA, p > 0.05, n = 8). The results of the experiments with number of failures and mIPSC
frequency suggest that KA was acting presynaptically to facilitate GABA release.

3.2 Role of extracellular Ca2* in kainate mIPSC facilitation

KARs could depolarize GABAergic terminals and facilitate IPSCs via activation of
voltagedependent CaZ* channels (Ren et al., 2007). To test this, 200 pM Cd2* was applied. As
a positive control for the efficacy of Cd2* in blocking presynaptic Ca?* channels, we examined
its effect on evoked IPSCs. Evoked IPSCs that had been facilitated by 250 nM KA were
completely blocked upon application of 200 pM Cd2* (Fig. 3A), indicating that presynaptic
Ca?* channels were blocked. In the presence of 200 uM Cd2*, Ca?*-independent mIPSCs
(Nicola and Malenka, 1997) were observed to occur at a low rate. Under these conditions, 250
nM KA significantly increased the frequency of mIPSCs (control: 0.8 + 0.1 Hz, KA: 1.5+ 0.3
Hz, p <0.05, n = 19, Fig. 3C) without a change in the mean amplitude (Fig. 3D) or decay time
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constant. Since Cd2* did not block KA facilitation of mIPSC frequency, the enhanced rate of
mIPSCs was not due to Ca2* influx through voltage-dependent Ca2* channels.

Transmitter release is highly dependent on Ca2*. Both extra- and intracellular Ca2* stores
contribute to regulation of MEPSCs in neocortex (Simkus and Stricker 2002). We therefore
examined the roles of both Ca2* sources in KAR-mediated facilitation. To test if extracellular
Ca?* was necessary for KA-induced increases in mIPSC frequency, slices were bathed in a
solution containing no added Ca2* and 4.8 mM MgCl, (to maintain the total divalent cation
concentration constant) for 25 minutes prior to recording. Under these conditions, no increase
in miniature IPSC frequency was observed with bath application of 250 nM KA (Fig. 4A and
B). There also was no significant change in amplitude (Fig. 4C). These results show that
Ca?* entry from the extracellular space is necessary for KA-induced changes in IPSC
frequency. We next addressed the question of whether postsynaptic Ca* influx was involved
in KA-induced facilitation. The Ca?* chelator BAPTA (10 mM) was included in the recording
pipette and allowed to diffuse into the cell for 20 minutes after obtaining a stable whole-cell
recording. KA-induced increases in miniature IPSC frequency without a significant change in
amplitude were still observed in cells recorded with BAPTA in the recording pipette (Fig. 4D
and E) and were comparable to those observed without BAPTA (Fig. 2C and D). These results
suggest that the increase in IPSC amplitude induced by KA does not require Ca2* elevation in
the postsynaptic cell.

Knowing that extracellular Ca2* is necessary for the KAR mediated facilitation of IPSCs and
postsynaptic calcium is not, we tested for the involvement of intracellular Ca2* stores. Slices
were incubated in 10 uM thapsigargin, an inhibitor of the endosomal Ca2*-ATPase that
prevents store refilling (Thastrup et al., 1990), for 30 minutes before experiments were
conducted. In the presence of 10 uM thapsigargin, 250 nM KA did not produce an increase in
evoked IPSC amplitudes (Fig. 5A). Under these conditions, application of 250 nM KA did not
facilitate mIPSC frequency (1.52 + 0.02 Hz control vs 1.49 + 0.03 Hz in thapsigargin plus KA,
p > 0.05, n = 9) and did not change amplitudes (44.65 + 4.26 pA control versus 45.42 + 6.12
PpA in thapsigargin plus 250 nM KA, n = 9). These results suggest that intracellular Ca2* stores
contribute to KA facilitation of evoked IPSCs. Release of CaZ* from internal stores is mediated
both by RyRs and IP3Rs. Ryanodine sensitive stores have been previously reported to be
involved in KA facilitation in some studies (Lauri et al., 2003) but not others (Breustedt and
Schmitz, 2004). Bath application of 100 uM ryanodine, a concentration that blocks RyRs
(Ehrlich et al., 1994; Liu et al., 2005), did not affect facilitation of evoked IPSC amplitudes
(Fig. 5B). Ryanodine did not block KA induced mIPSC frequency facilitation (1.53 + 0.08 Hz
control vs 3.65 + 0.11 Hz in ryanodine plus 250 nM KA, n =7, p <0.05). Amplitudes were not
affected by KA (42.16 + 2.21 pA control vs 41.62 + 2.31 pA in ryanodine plus 250 nM KA, n
=7, p >0.05) We also tested the effect of another ryanodine receptor antagonist, ruthenium
red, and found that it did not block KA-induced facilitation of evoked IPSC amplitudes (134.65
+56.6 pA control vs 263.70 + 90 pA in ruthenium red plus KA, n =5, p <0.05,). This suggests
that RyRs are not involved in the observed IPSC facilitation.

Release of Ca2* from intracellular stores by IP3Rs represents an additional potential
modulatory mechanism. To test this, we applied diphenylboric acid 2-amino-ethyl ester (2-
APB), which blocks IP3Rs (Maruyama et al., 1997). We found that, in the presence of 15 uM
2-APB, evoked IPSC amplitudes were not changed by application of 250 nM KA (Fig. 5C).
2-APB also blocked facilitation of mIPSC frequency (1.42 + 0.23 Hz control vs 1.46 + 0.24
Hz in 2-APB plus 250 nM KA, n =7, p >0.05) Amplitudes were not changed (47.86 + 4.31
pA control vs 48.65 = 5.32 pA in 2-APB plus 250 nM KA, n =7, p>0.05). In other preparations,
2-APB has been suggested to act at additional, non IP3R, sites (Bootman et al., 2002). We
therefore examined the effects of another IP3R antagonist, XeC (Gafni et al., 1997; Ta et al.,
2006). KA did not facilitate mIPSC frequency in the presence of XeC (1.34 + 0.27 Hz control

Neuropharmacology. Author manuscript; available in PMC 2009 July 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mathew and Hablitz

Page 6

vs 1.41 = 0.4 Hz in XeC plus KA, n =7, p > 0.05). The results with thapsigargin, ryanodine
and 2-APB are summarized in Fig. 5D.

Activation of IP3Rs requires binding of both Ca2* and IP3 (Berridge, 1998). Group | mGIuRs
are known to increase IP3 formation (Schoepp, 2001) and group | selective agonists increase
mEPSC frequency in layer Il pyramidal cells (Simkus and Sticker, 2002). Tonic activation of
mGIuRs by ambient glutamate could result in IP3 production. We therefore tested whether
bath application of the group 1 mGIuR antagonist (S)-4-CPG (10 uM) affected the ability of
KA to facilitate mIPSCs. When (S)-4-CPG alone was bath applied, mIPSC frequency
decreased (1.76 £ 0.08 Hz control: vs 1.0 £ 0.05 Hz after (S)-4-CPG, n = 8, p< 0.05). As shown
in the specimen records in Fig. 6 A and B, when 250 nM KA was applied in the presence of
(S)-4-CPG, mIPSC frequency increased. As shown in Fig. 6C, KA alone increased mIPSC
frequency by 152 + 12%. When 10 uM (S)-4-CPG was present KA increased mIPSC frequency
by 98 + 12%. The increase in mIPSC frequency in the presence of (S)-4-CPG was significantly
less than that observed with KA alone (Fig. 6C). No effect on amplitude was observed in either
group (Fig. 6D).

3.3 Role of GIuR5 subunits

Homomeric, unedited GIuR5 receptors display a significantly higher Ca2* permeability than
the edited forms (Egebjerg and Heinemann, 1993; Burnashev et al., 1995). It is possible that
the extracellular Ca?* needed for KA facilitation was entering through Ca2* permeable KARs.
The role of GluR5-containing KARs was determined using selective agonists and antagonists.
ATPA is a selective GIUR5 agonist (Clarke et al., 1997) and the GIUR5 subunit is selectively
blocked by LY 382884 (Bleakman et al., 1996; Bortolotto et al., 1999). Fig. 7A shows that bath
application of 1 uM ATPA increased evoked IPSC amplitudes, mimicking the effects of low
concentrations of KA. Moreover, 1 uM ATPA caused a significant, reversible increase in the
frequency of mIPSCs (Fig. 7B, left bar: 1.45 £ 0.02 Hz control vs 1.75 £ 0.05 Hz in ATPA, n
= 8, p<0.05) without affecting amplitudes (Fig. 7C, left bar: 35 + 1.2 pA control vs 36 £ 1.6
pA in ATPA, n =8, p>0.05). These findings suggest that ATPA acts at presynaptic KARs
containing GIuR5 subunits. In further support of this, when 10 uM LY 382884 was present in
the bath, 250 nM KA caused no significant change in the frequency (Figure 7B, right bar: 0.81
+0.29HzLY vs0.86+0.29 Hzin LY plus KA, n=5, p>0.05) or amplitude of mIPSCs (Figure
7C, right bar: 24.6 £ 43 pA LY vs 29.5 £ 3.1 pAin LY plus KA, n=5, p>0.05).

The results with (S)-4-CPG described above indicate that ambient levels of glutamate were
activating mGIuRs. It was reasoned that KARs should also be tonically activated by
extracellular glutamate. In this situation, application of LY382884 would be expected to
decrease mIPSC frequency and addition of KA in the presence of LY 382884 should not
facilitate mIPSC frequency. The specimen records shown in Fig. 8A indicate that mIPSC
frequency was decreased by the antagonist and that 250 nM KA did not increase mIPSC rate.
Quantitative analysis of results from ten cells showed that the effect of LY 382884 on basal
rate was significant (Fig. 8B) whereas KA was ineffective. Miniature IPSC amplitudes
remained constant across all conditions (Fig. 8C).

Taken together these results suggest that KA modulation of GABA release onto pyramidal
cells involves GIuR5 subunits. Unedited, Ca2*-permeable GIuR5 containing receptors are
blocked by philanthotoxin-433 (PhTx) (Washburn and Dingledine, 1996). PhTx (3 pM) was
bath applied for at least 45 minutes prior to recording. Control IPSCs recorded in the presence
of PhTx were not affected by 250 nM KA applied in presence of PhTx (Fig. 9A and B).
Miniature IPSC frequency was not increased by KA in the presence of PhTx (Figure 9C). It
thus appears that Ca*-permeable, GIuR5-containing KARs are present and contribute to
release of Ca2* from IP3 sensitive stores.
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4. Discussion

This study investigated mechanisms underlying KA-induced modulation of IPSCs in
neocortical pyramidal cells. At concentrations of 1-3 uM, KA produced a decrease in evoked
IPSC amplitudes, attributable to postsynaptic changes. Lower doses of KA facilitated IPSCs
via a presynaptic mechanism that involved, at least in part, release of Ca2* from intracellular
stores. This required GIuR5 subunit containing KARs and activation of IP3Rs. We propose a
model whereby Ca2* entry through Ca2* permeable, GIuR5 containing, KARs causes
activation of IP3Rs. This IP3R activation causes a release of Ca2* from intracellular stores
resulting in an increase in neurotransmitter release and a facilitation of inhibitory synaptic
transmission. This is a novel mechanism involving both ionotropic, via GIUR5 subunits, and
metabotropic, via IP3R, effects.

4.1 High KA concentrations decrease IPSCs

At high concentrations, KA decreases inhibitory synaptic transmission in hippocampus
(Rodriguez-Moreno et al., 1997; Rodriguez-Moreno and Lerma, 1998; Maingret et al., 2005),
amygdala (Braga et al., 2003) and spinal cord (Kerchner et al., 2001). This decrease was
associated with an increase in synaptic failures, indicating a presynaptic action possibly
involving direct coupling between KARs and G proteins (Rodriguez-Moreno et al., 1997,
Rodriguez-Moreno and Lerma, 1998; Lerma et al., 2001). An indirect mechanism of KA
inhibition, involving an increase in action potential firing which produces enhanced GABA
release, has also been postulated (Frerking et al., 1999). This increase leads to activation of
presynaptic GABAg receptors with depression of GABA release and activation of postsynaptic
GABA receptors producing passive shunting. Another alternative explanation for presynaptic
KAR inhibition involves depolarization of the nerve terminal. This inactivates the voltage
dependent Ca2* channels that are required for neurotransmitter release (Mayer, 1997). KAR-
induced inhibition is typically observed when high kainate concentrations are employed, as
observed here. It is not clear whether these inhibitory mechanisms are engaged by
endogenously released glutamate.

In the present experiments, higher concentrations of KA decreased evoked IPSC amplitudes
and produced a significant increase in holding current. We have shown previously that such
changes in holding current are sensitive to CNQX, but not D-APV and GYKI152466, indicating
activation of postsynaptic kainate receptors (Campbell et al., 2007). The precise mechanism
underlying evoked IPSCs depression is not clear but activation of postsynaptic KA receptors
and generation of a large inward current could lead to decreased responsiveness due to shunting
or altered dendritic-somatic coupling. It is unlikely that mechanisms involving GABAg
receptors are involved since GABARg antagonists were always present in our studies.

4.2 Presynaptic KA receptors mediate IPSC facilitation

The frequency of spontaneous IPSCs in CA1 pyramidal neurons is increased by low nanomolar
concentrations of KA (Frerking et al., 1999; Cossart et al., 2001) and the number of failures in
response to stimulation is reduced (Cossart et al., 2001; Jiang et al., 2001). Activation of
presynaptic KARs on GABAergic nerve terminals projecting to substantia nigra neurons also
increased the frequency of mIPSCs in those cells (Nakamuraetal., 2003). Facilitation of GABA
release has been observed in basolateral amygdala neurons following GIUR5 receptor activation
with low concentrations of ATPA (Braga et al., 2003). Although presynaptic KARs located on
terminals of fast-spiking GABAergic interneurons have been reported to decrease inhibitory
transmitter release onto layer V neocortical pyramidal cells (Ali et al., 2001), our present
results, and those of others (Ren et al., 2007) indicate that evoked and spontaneous IPSCs in
superficial layers of neocortex are potently facilitated by activation of presynaptic KARs.
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4.3 Involvement of Ca2* and IP3Rs

Several different Ca2* dependent mechanisms were examined in the present study, leading to
the conclusion that IP3R mediated Ca2* release from intracellular stores was involved in KA
modulation. The KA mediated facilitation of GABA release was not dependent on voltage-
dependent Ca2* channels since it persisted in the presence of a concentration of cadmium which
blocked synaptic transmission. Exposure to solutions containing no added extracellular Ca2*
inhibited the KAR mediated facilitation, suggesting that extracellular Ca* was necessary. KA
was unable to induce facilitation of inhibitory synaptic transmission in the presence of PhTx,
an inhibitor of Ca2* permeable AMPA/KARs. These results suggest that Ca2* entry via
Ca%*-permeable KARs is involved. The facilitation of GABAergic transmission upon KAR
activation was blocked after inhibition of endosomal Ca2*-ATPase- mediated Ca2* uptake with
thapsigargin, suggesting a role for intracellular stores in the KAR mediated facilitation of
GABA release, as reported for hippocampal neurons (Lauri et al., 2003). The inability of high
concentrations of ryanodine, which has an antagonist action by completely closing the release
channels (Meissner, 1994; Masumiya et al., 2001), to block KAR-induced changes indicated
that RyRs are not involved. The concentrations used here are comparable to those used
previously (Ehrlich et al., 1994; Liu et al., 2005) to completely block opening of RyRs.
Additionally, low doses of ruthenium red, which also blocks Ca2* release from ryanodine-
sensitive Ca2* stores (Taylor and Broad, 1998) was unable to inhibit the KAR-induced
facilitation.

In our studies, we used two different drugs to inhibit IP3R induced calcium release, XeC
(Gafni et al., 1997) and 2-APB (Maruyama et al., 1997). Although these drugs can have
multiple targets (Collin et al., 2005), 2-APB has proven to be an effective inhibitor of IP3-
mediated calcium release in intact cells of vertebrates and invertebrates (Maruyama et al.,
1997; Ma et al., 2000; Koganezawa and Shimada, 2002) and has not been found to alter either
agonist-mediated IP3 production or IP3 binding to its receptor (Maruyama et al., 1997; Ma et
al., 2000). Both compounds effectively blocked KAR-induced changes in IPSCs. Experiments
with the IP3R antagonists were performed without blockage of RyRs, so calcium signals could
have been amplified by subsequent CICR through RyRs. However, the consistent effects with
the various IP3R antagonists and lack of effect with ryanodine indicate a principal role for
IP3Rs.

Activation of IP3Rs requires binding of both Ca2* and IP3 (Berridge, 1998). We have shown
previously that extracellular glutamate levels are high enough to activate KARs on excitatory
nerve terminals (Campbell et al. 2007). Previous studies have also shown that baseline
glutamate levels affect mGIuRs in layer V pyramidal neurons (Bandrowski et al., 2003) and
that mGIuRs tonically activate IP3 production (Simkus and Sticker, 2002). Increases in
intracellular Ca?* evoked by single action potentials in neocortical pyramidal cells are
augmented by muscarinic acetycholine receptor stimulation (Yamamoto et al., 2000). This
augmentation was shown to involve IP3R mediated Ca2* release from intracellular stores via
an IP3R dependent mechanism. In the present studies, KARSs were the source of Ca2* activating
IP3Rs. The results with the mGIuR antagonist (S)-4-CPG suggest that activity in mGIuR
modulatory systems, perhaps activated by ambient glutamate, provide levels of IP3 sufficient
to open intracellular stores. Tonic activation of KARs has been reported previously (Lauri et
al., 2006) and is also seen with presynaptic NMDA receptors (Beretta and Jones, 1996; Corlew
etal., 2007)

In summary, it is suggested that following KAR activation, Ca2* enters through Ca2* permeable
presynaptic GIUR5 subunit containing KARs. This results in Ca2* release from intracellular
stores through IP3Rs which produces an increase in inhibitory synaptic transmission. KAR-
induced increases in GABAergic transmission in upper layers of the PFC could provide a
feedback mechanism for maintenance of stability in cortical circuits.
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Figure 1. Concentration dependent effects of KA on evoked IPSC amplitudes

A: specimen record of IPSCs evoked under control conditions. B: response to same stimulation
after bath application of 250 nM KA. Scale bar applies to A and B. Each trace is an average of
10 traces. Insert shows responses scaled to the same peak amplitude. No change in Kinetics
was observed. Cells were held at =70 mV. C: plot of IPSP amplitude as a function of time
before during and after 250 nM KA application (n = 20). D: histogram showing effects of
different concentrations of KA on IPSCs. Low nM concentrations of KA facilitated IPSC
amplitudes whereas higher uM concentrations depressed evoked IPSCs. E: KAR activation
decreased the failure rate. Top panel, evoked IPSCs are shown superimposed. 35% of responses
were synaptic failures in control conditions. Lower panel, in the presence of 250 nM KA
synaptic failures were not observed. * indicates p<0.05; ** indicates p<0.01.
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Figure 2. KA increases mIPSC frequency

A: specimen records showing mIPSCs under control conditions. B: mIPSCs recorded in same
cell in presence of 100 nM KA. C: cumulative probability plots of mIPSC inter-event intervals
before and during bath application of KA. A leftward shift was observed in the presence of
KA, indicating an increase in mIPSC frequency. D: cumulative probability plot of mIPSC
amplitudes. There was no change in the amplitude of mIPSCs with KA application. Similar
results were seen in all cells tested (n = 8).
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Figure 3. KA increases mIPSC frequency in the presence of cadmium

A: representative traces of evoked IPSCs under control conditions (leftmost trace), in the
presence of 250 nM KA (middle trace) and after application of 200 pM Cd?2* (rightmost trace).
Complete blockade of evoked IPSCs in the presence of 200 uM cadmium was used as a positive
control for the efficacy of cadmium in blocking calcium dependent release. Each trace is an
average of ten responses. B: specimen records of mIPSCs recorded in the presence of cadmium
before (left) and after bath application of 250 nM KA (right). mIPSC frequency was increased
by KA. C: summary bar graphs showing mIPSC frequency in the presence of 200 uM Cd2*
before (white column) and after addition of 250 nM KA (black column). There was a significant
increase in the frequency of mIPSCs in the presence of 200 uM Cd2* and 250 nM KA. D:
summary bar graphs showing that KA did not affect mIPSC amplitude in the presence of
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Cd2*. These results show that activation of voltage-dependent calcium channels is not required
for the KA-induced mIPSC frequency facilitation. * indicates p<0.05
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Figure 4. Effects of changes in extracellular and intracellular Ca?* on KA-induced changes in
IPSCs

A: in saline containing nominally zero extracellular Ca2* and 4.8 mM Mg*, mIPSC frequency
was not changed by 250 nM KA. B: summary graph of mIPSC frequency data showing that
no significant change in the mIPSC frequency. C: summary of results of KA on mIPSC
amplitude in nominally zero Ca?*. No effect of KA was observed under these conditions. D,E:
summary plots showing that chelating postsynaptic calcium with 10 mM BAPTA did not affect
the ability 250 nM KA to facilitate mIPSC frequency without changing amplitudes. * indicates
p <0.05.
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Figure 5. Involvement of intracellular Ca?* stores in KAR-induced changes
amplitude

in evoked IPSC

A: bath application of 250 nM KA did not increase evoked IPSC amplitudes in the presence
of thapsigargin. Slices were incubated with 10 uM thapsigargin for 30 minutes before
recordings were conducted. B: application of KA in the presence of 100 uM ryanodine
produced a significant increase in evoked IPSC amplitude, suggesting that ryanodine receptors
are not involved. C: in the presence of 15 uM 2-APB, to block the IP3 receptors, 250 nM KA
did not change elPSC amplitude. D: summary graph showing that intracellular Ca2* stores and
IP3 receptors are involved in the KAR-mediated facilitation of IPSCs in neocortex. * indicates

p <0.05.
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Figure 6. Kainate facilitation of IPSCs involves activation of mGIuRs

A: specimen records of mIPSCs recorded in the presence of the group | mGIuR antagonist
(S)-4-CPG. B: specimen records obtained after addition of 250 nM KA in continued presence
of (S)-4-CPG. C: histograms showing effect of (S)-4-CPG on KA-induced facilitation. Increase
in mIPSC frequency was significantly lower when KA was applied in the presence of (S)-4-
CPG. D: mIPSC amplitudes were similar under control conditions and in presence of the
antagonists. A did not affect amplitude. * indicates p < 0.05.
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Figure 7. Activation of GIuR5 containing KARs mediate IPSC facilitation

A: representative traces of evoked IPSCs under control conditions (left) and during application
of 1 pM ATPA, a GIuR5 agonist (right trace). A significant increase in IPSC amplitude was
observed. B: summary histograms showing that 1 uM ATPA increases the frequency of
mIPSCs (right). When ATPA was applied in the presence of the GIuR5 antagonist LY 382884,
no change in frequency was observed. C: summary histograms showing ATPA had no effect
on mIPSC amplitudes *p < 0.05
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Figure 8. Evidence that ambient glutamate levels tonically activate presynaptic receptors

A: (left) specimen records of mIPSCs under control conditions, (middle) bath application of
the GIUuR5 antagonist LY 382884 decreases the frequency of mIPSCs, (right) in continued
presence of LY 382664, 250 nM KA does not increase mIPSC frequency. C, D: summary
histograms showing effects of LY 382664 and KA on mIPSC frequency and amplitude,
respectively. *p < 0.05.
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Figure 9. Philanthotoxin-433 (PhTx), a blocker of Ca2+-permeable glutamate receptors, blocks
KA-induced effects on IPSCs

A: after pretreatment with PhTx, IPSCs evoked under control conditions (upper trace) and
during KA (lower trace) were not significantly different. B,C: summary plot showing that
evoked IPSC amplitude and mIPSC frequency, respectively, were unaffected when KA was
applied in presence of PhTx.
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