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Phosphatidylinositol-4,5-Bisphosphate Regulates NMDA
Receptor Activity through a-Actinin
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Phosphatidylinositol-4,5-bisphosphate (PIP, ) has been shown to regulate many ion channels, transporters, and other signaling proteins,
but it is not known whether it also regulates neurotransmitter-gated channels. The NMDA receptors (NMDARs) are gated by glutamate
and serve as a critical control point in synaptic function. Here we demonstrate that PIP, supports NMDAR activity. In Xenopus oocytes,
overexpression of phospholipase Cy (PLC+y) or preincubation with 10 um wortmannin markedly reduced NMDA currents. Stimulation of
the epidermal growth factor receptor (EGFR) promoted the formation of an immunocomplex between PLCy and NMDAR subunits.
Stimulation of EGER or the PLCB-coupled M, acetylcholine receptor produced a robust transient inhibition of NMDA currents. Wort-
mannin application blocked the recovery of NMDA currents from the inhibition. Using mutagenesis, we identified the structural elements
on NMDAR intracellular tails that transduce the receptor-mediated inhibition, which pinpoint to the binding site for the cytoskeletal
protein c-actinin. Mutation of the PIP,-binding residues of a-actinin dramatically reduced NMDA currents and occluded the effect of
EGF. Interestingly, EGF or wortmannin affected the interaction between NMDAR subunits and a-actinin, suggesting that this protein
mediates the effect of PIP, on NMDARs. In mature hippocampal neurons, expression of the mutant a-actinin reduced NMDA currents
and accelerated inactivation. We propose a model in which a-actinin supports NMDAR activity via tethering their intracellular tails to
plasma membrane PIP,. Thus, our results extend the influence of PIP, to the NMDA ionotropic glutamate receptors and introduce a novel

mechanism of “indirect” regulation of transmembrane protein activity by PIP,.
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Introduction
The importance of glutamate receptors and particularly of the
NMDA subtype is widely accepted. The NMDA receptor
(NMDAR) antagonist D-AP-5 has neuroprotective and anticon-
vulsant properties, and Ca** entering cells through NMDARs
plays important roles in development and plasticity processes
underlying learning and memory (Dingledine et al., 1999).
NMDARs have been implicated in schizophrenia, epilepsy, isch-
emic brain damage, and neurodegenerative disorders. Thus,
NMDARs are a major target for drug design (Dingledine et al.,
1999; Holden, 2003; Konradi and Heckers, 2003).

Homeostatic control of the Ca*" entering through NMDARs
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is of paramount importance. Several converging modulatory in-
puts adjust NMDAR activity. NMDAR phosphorylation is an
important mechanism regulating synaptic function. NMDARs
can be phosphorylated by kinases, such as protein kinase A (Leo-
nard and Hell, 1997), cyclin-dependent kinase (Li et al., 2001),
myosin light chain kinase (Lei et al., 2001), and calcium/
calmodulin-dependent kinase II (CaMKII) (Omkumar et al.,
1996). PKC activation enhances NMDA currents in neuronal
preparations (MacDonald et al., 2001) as well as Xenopus oocytes
(Lan et al., 2001). Protein phosphatases 1 and 2A (Wang et al.,
1994) or calcineurin (Lieberman and Mody, 1994) can dephos-
phorylate NMDARs to downregulate activity. Tyrosine kinases
and phosphatases can also adjust activation properties of
NMDARSs: Src application increases NMDA currents in neurons,
and inhibition of endogenous tyrosine phosphatases in patches
mimics this effect by increasing NMDAR open probability
(Wang and Salter, 1994). NMDAR glycine-dependent (Mayer et
al,, 1989) and glycine-independent (Sather et al., 1990) desensi-
tization may also regulate synaptic currents. Finally, activity-
dependent inactivation by Ca®" ions (Legendre et al., 1993) re-
sults from the Ca**-stimulated competitive displacement of the
actin-crosslinking protein a-actinin by calmodulin from the C
termini of NR1 and NR2B, causing channel self-closure (Ehlers et
al., 1996; Zhang et al., 1998; Krupp et al., 1999).

Along the lines of the complex regulation described above, the
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intracellular domains of NMDARs bind a variety of proteins.
NMDARs have been shown to assemble into large multiprotein
complexes together with scaffolding, cytoskeletal, and other signal-
ing proteins (Husi et al., 2000). The relative amounts of these pro-
teins and NMDAR subunits tightly depend on synaptic activity and
fine-tune NMDAR signaling to feedback on synaptic function
(Ehlers, 2003). The effects of some of these proteins, such as Src,
calmodulin, and a-actinin, are relatively well studied. However,
the functional roles for several other members of these com-
plexes, such as phospholipase Cy (PLCy), the enzyme that cata-
lyzes the hydrolysis of phosphatidylinositol-4,5-bisphosphate
(PIP,) (Gurd and Bissoon, 1997), remain unknown.

PIP, is an inositol phospholipid with critical roles in various
cellular processes (Toker, 1998). PIP, directly binds and modu-
lates various trafficking proteins and ion channels. PIP, hydroly-
sis by PLC-coupled pathways regulates ion channel activity in
both native and recombinant systems (Suh and Hille, 2005).
Given the widespread role of PIP, in ion channel regulation, we
set out to study the effect of PIP, on NMDARs. We show that
PIP, depletion inhibits NMDA currents and thus suggests a func-
tional role for PLC+y, which coimmunoprecipitates with the NR1
subunit in our system. We find that this novel regulation by PLCy
is sensed by the NMDAR via the same sites known to interact with
a-actinin and that a PIP,-dependent change in the interaction of
the channel with this protein can regulate activity in a novel
manner.

Materials and Methods

Oocyte preparation. Stage V or VI of Xenopus laevis (African clawed frog)
oocytes were surgically removed from ovaries and digested with collage-
nase using standard methods (Logothetis et al., 1992). Oocytes were kept
at 17°C in OR2 solution supplied with Ca**.

Oocyte electrophysiological recordings. cDNAs of rat NMDAR subunits
NRI (full-length splice variant), NR2A, NR2B, and NR2C and of epider-
mal growth factor receptor (EGFR), M, PLCy, and a-actinin 2 were
subcloned into the high-expression vector pGEMsH (Rohacs et al.,
2003). cRNAs were prepared using the Ambion (Austin, TX) in vitro
transcription kit and were microinjected to Xenopus laevis oocytes (~20
ng total mRNA/oocyte). Recordings were performed 1-3 d after injection
using a Dagan (Minneapolis, MN) two-electrode voltage-clamp ampli-
fier, and currents were obtained with a square pulse protocol (pClamp
software; Molecular Devices, Union City, CA). Bath solution (Ringer’s
solution) contained the following (in mwm): 115 NaCl, 2.5 KCl, 1.8 BaCl,,
and 10 HEPES, pH 7.2. Rapid solution exchange was achieved with a
gravity flow perfusion system converging on a 6 ul oocyte chamber en-
gineered in the laboratory from inert materials. Wortmannin and phal-
loidin were from Sigma (St. Louis, MO), and thapsigargin was from
Calbiochem (San Diego, CA). Preincubation with wortmannin (1-2 h,
10 um) was performed in OR2 (Goldin, 1992). For thapsigargin prein-
cubations, Ca**-free OR2 supplied with 1 mm EGTA was used. For
injections during the course of recordings, ~50 nl of a 50 ug/ul neomy-
cin trisulfate stock in ND96K were injected into oocytes expressing
NR1/2A (~10 ng total mRNA/oocyte) using an automatic nanoliter in-
jector (World Precision Instruments, Sarasota, FL). Internal oocyte so-
lution (ND96K) contained the following (in mm): 96 KCl, 1 MgCl,, 1.8
CaCl,, and 10 HEPES-K, pH 7.4. Neomycin trisulfate was from Sigma.
To calculate the final intracellular concentration of neomycin trisulfate,
we assumed that the total intracellular volume of the oocyte is ~500 nl.

Hippocampal neuron electrophysiology. Whole-cell patch-clamp re-
cordings were performed on 17-24 d in vitro rat hippocampal neurons
cultured at high density on polylysine-coated glass coverslips using pre-
viously described methods (Scott et al., 2001). Neurons were transfected
with enhanced green fluorescent protein (EGFP), a-actinin wild-type—
EGFP (N-terminally tagged), a-actinin R172Q-K184Q-EGFP, pleck-
strin homology (PH) domain-EGFP (N-terminally tagged), or PH*—
EGFP (mutant R40L) constructs as indicated using Lipofectamine 2000
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(Invitrogen, Carlsbad, CA) 2 d before recordings. Neurons were held at
—60 mV using a MultiClamp 700A amplifier (Molecular Devices) con-
trolled with a Pentium personal computer running MultiClamp Com-
mander and pClamp software (Molecular Devices). The extracellular
solution contained the following (in mm): 150 NaCl, 5 KCI, 10 HEPES,
0.1 MgCl,, 30 p-glucose, 2 CaCl,, 0.001 TTX, 0.03 bicuculline, and 0.02
CNQX, pH 7.3 (330 mOsm/L). Recording pipettes, with resistances be-
tween 3 and 5 M(), were filled with a solution containing the following
(in mm): 30 CsSO,, 70 K,SO,, 25 HEPES, 25 N-methyl-D-glucamine, 0.1
CaCl,, 1 EGTA, 2 Na,ATP, and 0.1 leupeptin, pH 7.3 (300 mOsm/L). A
modified recording pipette with a narrow aperture was filled with extra-
cellular recording solution supplemented with NMDA and glycine to
concentrations of 0.1 and 0.01 mu, respectively, and dyed with green
food coloring to visualize drug application. During constant bath perfu-
sion of ~0.5 ml/min, NMDA/glycine agonist solution was puffed onto
the soma of the voltage-clamped neuron for 3 s using a Femtojet perfu-
sion system (Eppendorf, Westbury, NY), with application initiated by a
control stimulus from the pClamp software. Complete inactivation typ-
ically occurred within 3 s. For K" channel recordings, after NMDA/
glycine application, clamped cells were held at =80 mV, and K™ currents
were obtained by stepping to 0 mV. All currents were sampled at 10 kHz
and low-pass filtered at 2 kHz, and data were analyzed with Clampfit 9.2
software (Molecular Devices). Desensitization time constants were ob-
tained with single-exponential fits to the data.

Western immunoblotting. Twenty-five to 50 oocytes for each experi-
mental group were pretreated with 1 um thapsigargin in OR2-EGTA for
2horin 10 um wortmannin or vehicle DMSO and then stimulated with
EGF when applicable (4 min, 100 ng/ml; Invitrogen) in PBS supplied
with phosphatase inhibitors (10 mm NaVO, and 10 mm NaF). The oo-
cytes were then manually lysed in 1 ml of cold lysis buffer (in mm: 5
Tris-HCl, 1 EDTA, 1 EGTA, 10 NaVO,, and 10 NaF), supplied with
protease inhibitor cocktail (Sigma), and centrifuged for 5 min at 5000 X
gat 4°C. The supernatant was then centrifuged at 100,000 X g for 30—40
min at 4°C. The pellets were resuspended with a suitable volume of lysis
buffer, and SDS-PAGE was performed, followed by electrotransfer of
proteins onto a polyvinylidene difluoride membrane using the wet trans-
fer method (Bio-Rad, Hercules, CA). The membrane was then blocked in
TBS-0.1% Tween 20 supplied with 5% nonfat dry milk or 10% newborn
calf serum (Invitrogen), and, after primary and secondary antibody in-
cubation, proteins were detected by an HRP-catalyzed chemilumines-
cence reaction (Pierce, Rockford, IL). The antibodies were purchased
from the following companies: PLCy from Cell Signaling Technology
(Danvers, MA), a-actinin from Sigma, and anti-NR1 from Millipore
(Billerica, MA).

Immunoprecipitation. Pellets obtained as described above were resus-
pended in 200 ul of lysis buffer containing 1% Triton X-100 and anti-
body (1-5 pg of IgG) and were incubated with gentle rocking overnight
at 4°C. Protein A agarose beads (20 ul of 50% bead slurry equilibrated in
lysis buffer; Pierce) were added, and the samples were incubated with
gentle rocking for 2 h at 4°C. Samples were then microcentrifuged for 1
min, and the pellets were washed one time with immunoprecipitation
buffer, one time with lysis buffer supplied with 150 mm NaCl, and three
times with lysis buffer. The beads were subjected to SDS-PAGE and
Western blotting, as described above.

Mutagenesis. NR1 deletion mutants were constructed using the splice-
by-overlap method to remove the targeted cDNA segment. For NR2
subunit deletion mutants, stop codons were introduced by point muta-
tions at the positions indicated in the text and figures. Point mutations
were introduced using the Stratagene (La Jolla, CA) mutagenesis kit and
custom primers with nucleotide mismatches (Invitrogen) and were con-
firmed by sequencing (Mount Sinai Sequencing Facility). cRNAs were
transcribed using an in vitro transcription kit with the T7 promoter
(Ambion).

Results

To test the effects of PIP, on NMDAR function, we used the
Xenopus oocyte system, in which the PIP, dependence of several
other ion channel proteins has been studied. Using NR1/2A het-
eromers, we normally obtained robust responses during applica-
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Figure 1. PLCy inhibits NMDA currents in Xenopus laevis oocytes. A, Left, Representative

traces of whole-cell NR1/2A currents recorded with the two-electrode voltage-clamp technique
at —80 mV (in this and subsequent figures). NR1/2A currents were evoked by NMDA (100 pm)
and glycine (Gly; 10 wm) applied as indicated by arrows, in control cells (b), cells overexpressing
PLCy (a), or cells expressing the inactive mutant PLCyyg5¢ (0), as described in Results. Right,
Bars representing mean == SE percentage steady-state current after agonist application, nor-
malized to the average of the control group. The means for the PLCy group were significantly
different (*p << 0.01, ttest). B, Bars obtained similarly as in A but for NR1/2A or NR1/2B currents
from control oocytes or oocytes preincubated for 1 h with 10 wm wortmannin (Wtmn). The
means were significantly different in all sets of experiments ( p << 0.001, t test).

tion of NMDA (100 uMm) and glycine (10 um). Overexpression of
PLCy, which catalyzes the hydrolysis of PIP,, significantly re-
duced NMDA currents compared with oocytes, in which PLCy
was not overexpressed (Fig. 1 A, a,b). As an additional control for
this experiment, we used the mutant PLCvyyg5p, in which muta-
tion of the critical tyrosine 783 to phenylalanine uncouples the
PIP,-hydrolyzing activity of the enzyme (Kim et al., 1991). Ex-
pression of this inactive PLCy did not affect the full-size NMDA
currents (Fig. 1A, ¢) (control oocytes, normalized current was
100 = 12%, n = 15; +PLCvy oocytes, 63.9 = 6.3%, n = 14;
+PLCyy7g3p 00Cytes, 99 £ 1%, n = 11). These results show that
tonic increase of PLCvy activity inhibits NMDA currents. To test
whether reduced PIP, levels could account for the inhibition of
NMDA currents, we used the pharmacological inhibitor wort-
mannin. Application of this substance at micromolar concentra-
tions interferes with the biosynthetic cycle of PIP, by blocking a
type III phosphatidylinositol-4 (PI-4) kinase isoform (Nakanishi
etal., 1995; Balla, 1998). Pretreatment of oocytes for 1 h with 10
uM wortmannin mimicked the effect of PLCy overexpression,
significantly reducing NMDA currents. We tested this effect for
both NR1/2A and NR1/2B heteromers, with similar results (Fig.
1B) (NR1/2A, normalized control current was 100 = 5.8%, n =
10 cells; wortmannin treated, 45.7 = 6.7%, n = 10 cells; NR1/2B,
normalized control current was 100 = 8.8%, n = 9 cells; wort-
mannin treated, 22.7 = 2.7%, n = 7 cells). Another pharmaco-
logical PIP, probe is neomycin, an antibiotic substance that se-
questers PIP, through electrostatic interactions attributable to its
polycationic nature (Krauter et al., 2001; Ding et al., 2004). We
injected neomycin into Xenopus laevis oocytes during recording
(Mullner et al., 2000) of NMDA currents by two-electrode volt-
age clamp. Injection of neomycin to a final intracellular concen-
tration of 5 ug/ul suppressed the current of NR1/2A heteromers
(supplemental Fig. 1, available at www.jneurosci.org as supple-
mental material) (normalized current after injection of vehicle
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Figure 2.  Stimulation of hormonal receptors that activate PLC transiently inhibits NMDA
currents. A, Representative traces of the effect to the NR1/2A current of 100 ng/ml EGF or 5 jum
ACh applied as shown. Bars represent mean == SE percentage current of current before (control
current, taken as always 100% before EGF or ACh application in this and subsequent figures
when comparison with inhibited states is made) or of maximally inhibited current after EGF or
ACh application. Both means representing inhibited current were significantly different from
control (*p < 0.001, t test). B, Xenopus oocytes expressing NR1/2A subunits and EGFR were
stimulated with EGF (100 ng/ml) as indicated, and membrane preparations were obtained as
described in Materials and Methods. Top, Western immunoblot (WB) of a sample of the mem-
brane preparations with an antibody against NR1. The rest of the same membrane preparations
were subjected to immunoprecipitation (IP) using an antibody against PLCy (see Materials and
Methods). Bottom, NRT Western blotting of oocyte membrane immunoprecipitates pulled
down with PLCy antibodies. Blots are representative of two independent experiments with
similar results.

solution or neomycin compared with the current before injection
was 106.71 = 4.34%,n = 12 cellsand 64.71 * 4.81%, n = 17 cells,
respectively). These findings altogether are consistent with the
interpretation that removal of PIP, inhibits partially NMDAR
currents.

PLC-catalyzed PIP, hydrolysis is enhanced by hormonal re-
ceptor stimulation. For example, stimulation of the EGFR, a re-
ceptor tyrosine kinase of the ErbB family, can trigger PIP, hydro-
lysis via PLCy through a well studied tyrosine phosphorylation
cascade (Rhee and Bae, 1997). During application of EGF in oo-
cytes expressing EGFR and NR1/2A subunits, the endogenous
Ca’**-dependent chloride current was activated transiently (We-
ber, 1999), serving as a positive indicator for the EGF-induced
hydrolysis of PIP,. After the chloride current, a robust transient
inhibition of the NMDA current was evident (Fig. 2 A, left trace)
(the EGF-inhibited current was 40 * 7% of the current before the
EGF application, n = 30 cells). To test whether this effect is
unique for the EGFR or whether alternative pathways causing
PIP, hydrolysis can similarly affect NMDARs, we used the mus-
carinic M; acetylcholine (ACh) receptor, a G-protein-coupled
receptor that couples to PLCB (Rhee and Bae, 1997). As with
EGF, application of ACh elicited the Ca*"-dependent chloride
current and a transient inhibition of the NMDA current (Fig. 24,
right trace) (the ACh-inhibited current was 35 = 10% of the
current before ACh application, n = 30 cells). This effect was also
seen with NR1/2B currents as well (data not shown). These re-
sults suggest that hormone-induced PIP, hydrolysis leads to
NMDA current inhibition.

If PIP, regulates NMDARs directly, then the PIP, signaling
machinery may be expected to associate with NMDAR subunits.
We tested whether there is an interaction between NMDARs and
PLCy in our system using coimmunoprecipitation. We used an
antibody against PLCy to pull down PLCy immunocomplexes
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Figure 3. Wortmannin blocks the recovery of NMDA currents in response to PLC-coupled
receptor stimulation. A, B, Left traces, Effect to the NR1/2C current of 100 ng/ml EGF or 5 um ACh
applied as indicated. Right traces, In addition to EGF or ACh, wortmannin (Wtmn; 20 — 40 ru)
was perfused to the oocyte (different oocytes from the ones used in experiments without wort-
mannin) as indicated. Bars represent mean = SE percentage current of current before (control
current) or of maximally inhibited current after EGF or ACh application (1) or of recovered current
(R) from cells with or without wortmannin (I, R + wortmannin). *p < 0.001, the mean max-
imally recovered currents in cells perfused with wortmannin were significantly different than
control cells (for both EGF and Ach; t test). The arrows indicate where the | and R measurements
were made. Gly, Glycine.

from oocytes expressing NR1/2A subunits. Interestingly, in the
same immunocomplexes, we detected the presence of the NR1
subunit of NMDARSs, particularly when the cells were treated
with EGF (Fig. 2 B, bottom). This enrichment is consistent with
the fact that EGF promotes the translocation of PLCy from the
cytosol to the plasma membrane (Rhee and Bae, 1997). More-
over, this result shows that NMDARs and PLCy can interact.
Because the hydrolysis of PIP, can trigger the release of Ca®™"
from intracellular stores, which can have many biological effects
including PKC activation, we tested the effects of EGF and ACh
on NR1/2C currents. These channels, unlike the NR1/2A subunit
heteromers (Krupp et al., 1996; Liao et al., 2001), are insensitive
to regulation by any potential activation of PKC and do not show
a**-dependent inactivation. As with NR1/2A, application of
EGF produced a Ca**-dependent chloride current that was fol-
lowed by inhibition of the NMDA current and recovery (Fig. 34,
left trace). Interestingly, real-time application of wortmannin
prevented current recovery, resulting in significantly more inhib-
ited current levels compared with control (Fig. 3A, right trace)
(control cells: EGF-inhibited current was 62 * 3% of the current
before EGF application, recovered current was 92.7 = 3%, n = 4
cells; cells with acute wortmannin application: inhibited current
was 50.7 % 6.4% of the current before EGF application, recovered
current was 57 = 4.3%, n = 4 cells). This result argues that the
EGF-induced inhibition of the NMDA current is not attributable
to PKC activation and does not reflect a Ca*>*-dependent inacti-
vation process. In contrast, these results are consistent with the
notion that PIP, hydrolysis causes the inhibition of the NMDA
current and that PIP, resynthesis accounts for the recovery. In-
deed, Ca®"-mobilizing hormones may stimulate the synthesis of
PIP, in addition to its breakdown (Xu et al., 2003). Consistent
with this interpretation, the EGFR can interact with some PI
kinases and stimulate their activity (Cochetetal., 1991). A similar
response was seen with ACh stimulation, i.e., inhibition of
NR1/2C currents followed by recovery (Fig. 3B, left trace), and
wortmannin enhanced the ACh-dependent inhibition and sig-
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Figure 4. Intracellular Ca®" store depletion does not prevent NMDA current inhibition in
response to PLC-coupled receptor stimulation. A, B, Traces represent NMDA currents recorded
from oocytes expressing NR1/2A (4) or NR1/2B (B) subunits on which EGF or ACh were admin-
istered as indicated. Thapsigargin (1-5 pum) was used to pretreat the oocytes for 30 — 60 min
before experiments. C, Bars represent mean == SE percentage current of current before (control
current) or of maximally inhibited current after EGF (100 ng/ml) or ACh (5 i) application. All
sets of means were significantly different (*p << 0.001, t test). Gly, Glycine.

nificantly attenuated recovery, although to a lesser extent than for
EGF (Fig. 3B, right trace) (control cells: ACh-inhibited current
was 63.5 = 11% of the current before ACh application, recovered
current was 98.7 = 1.2%, n = 4 cells; cells with acute wortmannin
application: inhibited current was 37.9 = 2.4% of the current
before ACh application, recovered current was 80.5 * 3.7%, n =
4 cells). We observed a similar pattern of regulation with NR1/2A
currents as well (data not shown). These results suggest that
hormone-induced PIP, hydrolysis and resynthesis may underlie
the effects on NMDA currents.

To further test for any potential role of Ca*>* in these experi-
ments, we used thapsigargin, a drug that depletes Ca** from
intracellular stores. Thus, during hormonal stimulation of
thapsigargin-pretreated oocytes, there should be no available
Ca’" to signal via IP; receptors as a result of PIP, hydrolysis. As
expected, 30—60 min preincubation of oocytes with 5 um thap-
sigargin eliminated Ca’*-activated chloride currents (Fig. 4,
traces; compare with Figs. 2, 3), yet application of EGF (Fig. 4A,
left trace) or ACh (Fig. 4 A, right trace) induced a sizeable steady-
state inhibition of NR1/2A currents (the ACh-inhibited current
was 74.3 = 8%, n = 5 cells; the EGF-inhibited current was 41.8 =
5.9%, n = 5 cells). NR1/2B currents, whose Ca*"-dependent
inactivation is insignificant (Krupp et al., 1996), were also ro-
bustly inhibited by either EGF (Fig. 4 B, left trace) or ACh (Fig.
4B, right trace) in thapsigargin-treated oocytes (the EGF-
inhibited current was 71.4 = 7.3% of current before EGF appli-
cation, n = 8§ cells; the ACh-inhibited current was 70 = 6% of
current before ACh application, n = 8 cells). These results
strongly suggest that the inhibitory effect of PLC-coupled recep-
tors on NMDA currents is not attributable to an action of Ca**
Conversely, these data rather corroborate the idea that PIP,
breakdown, as caused by the two independent pathways tested,
downregulates NMDAR activity. Interestingly, thapsigargin
treatment abolished the transient nature of the inhibitory re-
sponse to EGF or ACh. The recovery phase that we showed to be
dependent on wortmannin treatment (Fig. 3) was also greatly
dependent on intracellular Ca**. This is consistent with recent
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Figure5.  The COdomain of the NR1 subunitis required for the inhibition of NR1/2A currents.
A, The Cterminus of NR1 (NR1—1b). Shown in bold are the c-actinin-binding residues within
(0. B, Traces represent recordings of NMDA currents from oocytes expressing the NR1 deletion
mutant subunits indicated (see Results) with wild-type NR2A subunit, in which EGF (1 ng/ml) or
ACh (5 jm) were applied as indicated. In NR1g55 and NR1 ¢, the Cterminus of NR1 or only its
(0 domain have been deleted, respectively. Bars represent mean == SE percentage current of
current before (control current) or of current after EGF or ACh application. The means were not
significantly different (¢ test). Gly, Glycine; TM, transmembrane domain.

work showing that intracellular Ca** release after PLC activation
by some agonists stimulates a PI-4 kinase isoform to resynthesize
PIP, almost concurrently with PLC activation (Gamper et al.,
2004; Hughes et al., 2007; Pian et al., 2007), which could account
for NMDA current recovery according to our hypothesis.

PIP, may directly bind to the NR1 subunit (McLaughlin and
Murray, 2005), yet we found that application of PIP, or PIP,
antibody did not affect NMDAR activity in stable excised inside-
out patches (data not shown). These results suggest that a cyto-
plasmic factor may be involved in mediating the effects of PIP,
hydrolysis.

We next sought to identify the sites on NMDARs responsible
for “sensing” PIP, hydrolysis. The C terminus of NR1 can be
divided into three domains, C0, C1, and C2 (Fig. 5A), in which
the C1 and C2 cassettes are targets of alternative splicing (Zukin
and Bennett, 1995). Interestingly, the C terminus of NR1 is the
site of many crucial protein—protein interactions for NMDARSs,
such as with calmodulin (Ehlers et al., 1996), a-actinin (Wyszyn-
skietal., 1997; Krupp et al., 1999), CaMKII (Leonard et al., 2002),
tubulin (van Rossum et al., 1999), spectrin (Wechsler and Teich-
berg, 1998), etc. Deletion of the entire C terminus of NR1 down-
stream of residue 838 (NRlg;4) abolished any effect of ACh on
NR1/2A currents, indicating that a site somewhere along the de-
leted intracellular domain of the NR1 subunit is critical to trans-
duce the effect of PIP, hydrolysis (Fig. 5B, left trace) (NR1434/2A
current after Ach application, 105 = 1% of the current before,
n = 10 cells). We tested whether the region enabling PIP, regu-
lation could be narrowed down to the CO domain by deleting this
domain only (residues 838—863) of NR1 (NR1,,). We found
that both the EGF-induced (Fig. 5B, middle trace) and the ACh-
induced (Fig. 5B, right trace) inhibitions were absent in
NR1,¢o/2A heteromers, suggesting that C0 is a necessary element
for the regulation of NR1/2A currents by PLC-coupled receptors
(ACh, current after ACh application was 115 = 8% of the current
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Figure 6.  a-Actinin-binding sites within the CO domain of NR1 and the distal ac-actinin-
binding region of the C terminus of NR2B are required for inhibition of NR1/2B currents. A-C,
Traces represent recordings of NMDA currents from thapsigargin-treated oocytes expressing
wild-type NRT or NR1 deletion mutants, together with wild-type NR2B or an NR2B mutant as
indicated. EGF (100 ng/ml) or ACh (5 wm) were applied as indicated. The constructs have been
named after the last residue expressed in the mutant subunit (see Results). D, Bars represent
mean = SE percentage current of current before (control current) or of steady-state current
after EGF or ACh application. The means were significantly different only for NR1 or NR2B
subunit combinations that contained an ce-actinin-bindingsite ( p < 0.01, ttest). D, Schematic
of NRT and NR2B subunits with sites of mutants used. c-Actinin binds residues 858 — 863 of
NR1 (see also Fig. 5) and the distal C terminus of NR2B. Gly, Glycine; TM, transmembrane
domain.

before, n = 10 cells; EGF, current after EGF application was
112 = 6% of the current before, n = 10 cells). Typically,
NR1g;4/2A currents were markedly smaller than their wild-type
counterparts (see representative trace in Fig. 5B, left). We have
shown that NR1,,/2A currents are larger than wild type (Scott et
al., 2004), which is attributable to inhibition of CO-dependent
channel internalization.

When we used NR2B instead of NR2A as the partner subunit
of NR1g4sg, the ACh-induced inhibition took place normally (Fig.
6A,D) (the ACh-inhibited NR14,4/2B current was 54 = 8% of the
current before ACh application, n = 4). Of the known binding
partners of NMDARs, a-actinin has been shown to bind to NR1
(residues 858—863 of C0) and the NR2B distal C terminus but
not the corresponding NR2A region (Wyszynski et al., 1997)
(Figs. 5A, 6E). It is possible that PIP, hydrolysis effects could be
mediated through a-actinin, in that inhibition was not possible
for the NR1g;4/2A and NR1,/2A heteromers that do not inter-
act with a-actinin, whereas NR1g;4/2B heteromers, which can
interact with a-actinin via NR2B, would “rescue” the inhibitory
phenotype. We next removed the a-actinin-binding site of NR2B
by deleting only the distal C terminus of this subunit downstream
of residue 1280 (NR2B,,g4,) (Fig. 6 B,E). Indeed, expression of
NR2B, 5, together with NR1g,, which contained an additional
20 amino acids compared with NR1gss but still eliminated the
a-actinin-binding site, was not inhibited by ACh (Fig. 6 B,D)
(NR1gsg/2B; 550 current after ACh application was 109 = 1% of
previous current, n = 4). NR145, when expressed with NR2A also
failed to show an ACh-induced inhibitory phenotype (data not
shown). As expected, expression of the full-length NR1, bearing
an intact a-actinin-binding site, with a mutant NR2Bg,;, in
which the entire C terminus of this subunit had been deleted, did
not prevent the ACh-induced inhibition of these heteromers
(Fig. 6C,D) (NR1/2Bg,5, ACh-inhibited current was 63.4 * 3.4%
of current before ACh application, n = 4). Deletion of the C
terminus of NR2A had no effect on the ACh-induced inhibition
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(data not shown). Finally, in addition to the chimeras, an NR1
single-point mutant R859Q within the minimal «-actinin-
binding segment (858 —863) significantly attenuated the effect of
EGF on NR1/2A heteromers (supplemental Fig. 2, available at
www.jneurosci.org as supplemental material) (NR1/2A current
after EGF application reached an average value of 37.2 * 2.2% of
the current before EGF application, whereas NR1yg590/2A cur-
rent after EGF application was 67 = 5%; n = 6 for both groups).
This region has been shown to control the binding of NR1 to
a-actinin, whose disruption leads to Ca**-dependent inactiva-
tion in hippocampal neurons (Krupp et al., 1999). These data
strongly point to a-actinin as a mediator of the effect of PIP,
breakdown on NMDAR currents.

We tested whether PIP, levels affected the interaction of
NMDARs with a-actinin using coimmunoprecipitation. We
pulled down immunocomplexes from oocyte membrane prepa-
rations using an antibody against a-actinin. Interestingly, EGF
dramatically increased the amount of NR1 in the immunopre-
cipitates (supplemental Fig. 3, bottom left gel, available at www.
jneurosci.org as supplemental material) without affecting the to-
tal NR1 protein (supplemental Fig. 3, top left gel, available at
www.jneurosci.org as supplemental material). Wortmannin pre-
incubation acted in a manner similar to EGF (supplemental Fig.
3, right gels, available at www.jneurosci.org as supplemental ma-
terial). These results show that treatments that cause a decrease in
PIP, levels inhibit NMDA currents, increasing a-actinin—-NR1
immunocomplexes.

The binding of a-actinin to NMDARs favors the channel open
state, keeping intracellular C termini apart by tethering them to
the actin cytoskeleton (Ehlers et al., 1996; Zhang et al., 1998;
Krupp etal., 1999). Because c-actinin also binds PIP, (Fukami et
al., 1992; Fukami et al., 1996), it is possible that PIP, binding
maintains this state by tethering a-actinin to the plasma mem-
brane. PIP, breakdown or depletion would therefore allow chan-
nel closure. To test this model, we mutated the two basic residues,
R172 and K184, which mainly carry the interaction with the neg-
atively charged phospholipid (Fukami et al., 1996). Expression of
two a-actinin 2 mutants, one bearing the single K184Q and the
other the double-mutation R172Q-K184Q), caused a progressive
inhibitory effect on NMDA currents compared with control oo-
cytes or oocytes overexpressing wild-type a-actinin (Fig. 7, top
left bars) (control oocytes: normalized NMDA current was 100 =
5.6%, n = 56; a-actinin-overexpressing oocytes: 73.05 * 4.7% of
control group, n = 60; a-actinin K184Q-expressing oocytes:
NMDA current was 32.5 * 2.7% of control, n = 50; a-actinin
R172Q-K184Q-expressing oocytes: NMDA current was 5.2 =*
0.1% of control, n = 7). This result is consistent with a-actinin
mutants acting in a dominant-negative manner, binding
NMDARs and uncoupling them from the inner leaflet of the
membrane in which PIP, resides. Furthermore, the single K184Q
mutant occluded the effect of EGF on NMDA currents (Fig. 7,
bottom left trace, compare with top right), (EGF-inhibited cur-
rent in control cells: 65.03 = 5% of the current before EGF ap-
plication, n = 13; EGF-inhibited current in «-actinin-
overexpressing cells: 77.5 + 7.2% of the previous current, n = 16;
current after EGF application in K184Q-expressing cells: 111.4 =
10% of the previous current, n = 13). Thus, dominant-negative
a-actinin presumably occluded the effect of PIP, hydrolysis on
the NMDA current. This result is consistent with a “tonic” inhi-
bition of the NMDA current by PIP,-stripped a-actinin.

We next asked whether the mechanism of PIP, regulation of
NMDARSs via a-actinin emerging from the data above can affect
the physiology of native NMDA currents in primary neuronal
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Figure 7.  Mutation of the PIP,-binding residues of c-actinin affects NMDA currents in oo-

cytes. Top left, Bars representing mean = SE percentage steady-state normalized NMDA cur-
rent recorded from oocytes expressing NR1/2A together with endogenous «-actinin (control),
overexpressed wild-type c-actinin 2, single-point mutant ce-actinin 2 K184Q, or double-point
mutant c-actinin 2 R172Q-K184Q. The means were significantly different from control ( p <
0.001 for all comparisons, t tests). Top right, Representative NMDA current trace of a control
oocyte expressing NR1/2A in response to EGF (1 ng/ml) applied as indicated. Bottom left, Rep-
resentative NMDA current trace of an oocyte expressing NR1/2A and single-point mutant
ac-actinin 2 K184Q in response to 1 ng/ml EGF. Bottom right, Bars represent mean = SE per-
centage current of current before (control current) or of steady-state current after EGF applica-
tion from oocytes expressing NR1/2A, and NR1/2A together with wild-type c-actinin 2 or
single-point mutant «-actinin 2 K184Q. *p << 0.001, statistically significant difference be-
tween the NR1/2A group and the K184Q group (t test).

cultures. For this purpose, a-actinin 2 and its R172Q-K184Q
mutant were N-terminally tagged with EGFP, transfected into
17-24 d in vitro cultured hippocampal neurons, and the fluores-
cently identified transfected neurons were subjected to whole-cell
patch-clamp recordings. Under these conditions, expression of
a-actinin R172Q-K184Q caused a significant reduction on both
the peak and the steady-state NMDA current compared with
expression of wild-type a-actinin (Fig. 8). As a control, EGFP was
also transfected into hippocampal neurons (data not shown)
[normalized peak NMDA current (in ratio with K™ current; see
Materials and Methods) for a-actinin-EGFP, 100 *+ 2%; a-acti-
nin—EGFP R172Q-K184Q: 85 * 2%;normalized NMDA current
1 s after peak: a-actinin—~EGFP, 27 * 1.4% of peak; a-actinin—
EGFP R172Q-K184Q, 16.7 = 1%]. Moreover, the kinetics of
inactivation appeared significantly accelerated by the mutant
«a-actinin (tau inactivation for a-actinin—EGFP: 463.1 = 19.8 ms,
n = 28; a-actinin R172Q-K184Q—-EGFP: 383.6 £ 11.6, n = 25
neurons). Thus, neuronal NMDA currents are significantly de-
creased and reach their fully inactivated state faster in the pres-
ence of a-actinin R172Q-K184Q, which is consistent with the
tonic inhibition by this mutant, in agreement with our oocyte
expression results. Interestingly, the effect was more pronounced
toward the more sustained phase of the current (Fig. 8C). Con-
versely, transfection of the PH domain of PLCS (also tagged with
EGFP), which sequesters PIP, (Stauffer et al., 1998; Raucher et al.,
2000), also reduced the peak and the steady-state NMDA current
and accelerated inactivation kinetics compared with expression
of its inactive (PH*) R40L mutant (van der Wal et al., 2001)
(supplemental Fig. 4, available at www.jneurosci.org as supple-
mental material) (normalized peak NMDA current/K * current:
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Figure8. Disruption of the c-actinin—PIP, interaction affects NMDA currents in hippocam-

pal neurons. 4, Overlaid normalized representative NMDA— glycine-evoked current traces from
neurons clamped at —60 mV expressing c-actinin—EGFP (red) or the c-actinin—EGFP R172Q—
K184Q mutant (blue). For cc-actinin—EGFP and cc-actinin—EGFP R172Q—K184Q expressing
neurons compared are mean = SE. B, Percentage normalized peak NMDAR/K * channel cur-
rent ratios obtained as described in Materials and Methods. C, Percentage of the peak NMDA
current remaining 1 s after peak. D, Time constants (tau) of inactivation of agonist-evoked
NMDAR currents in neurons. All pairs of means were significantly different (*p << 0.001, t test).
Gly, Glycine; ae-act, ae-actinin.

PH*-EGFP, 100 * 2%; PH-EGFP, 86 * 3%; normalized NMDA
current 1 s after peak: PH*~EGFP, 35 £ 1% of peak; PH-EGFP,
28 =+ 1.3%; tau inactivation, PH*~EGFP, 603.2 = 15.8 ms, n = 25
neurons; PH-EGFP, 509 * 19.6, n = 24 neurons; data not shown
for control EGFP neurons). Thus, as with oocytes, a more global
disruption of PIP, affected neuronal NMDA current parameters
in a manner similar to interference with a-actinin mutants.

Discussion

We propose a model (supplemental Fig. 5, available at www.
jneurosci.org as supplemental material) in which a-actinin inter-
acts with PIP, in the plasma membrane and promotes full open-
ing of NMDARSs. This model is consistent with all of our data. (1)
Decreases in PIP, caused by overexpression of PLCy or PLCé-
PH, micromolar wortmannin concentrations, neomycin injec-
tion, and EGF or ACh all inhibit NMDA currents, because
a-actinin would be unable to tether the cytosolic segment of the
channel to the membrane to fully open it (supplemental Fig. 5B,
available at www.jneurosci.org as supplemental material). (2)
Overexpression of a-actinin mutants unable to bind PIP, de-
crease native and heterologously expressed NMDA currents by
competing with endogenous a-actinin binding in a dominant-
negative manner (supplemental Fig. 5C, available at www.
jneurosci.org as supplemental material). Moreover, the inactiva-
tion kinetics of native NMDA currents were significantly
accelerated by coexpression in hippocampal neurons of a-actinin
mutants that were unable to bind PIP,. @-Actinin mutant over-
expression also occluded the ability of EGF to inhibit, as it pre-
sumably prevented the cytosolic segment to tether to the mem-
brane and fully open (supplemental Fig. 5C, available at
www.jneurosci.org as supplemental material). (3) a-Actinin
binding to the channel is necessary for the ACh or the EGF ef-
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fect to take place (supplemental Fig. 5D, available at www.
jneurosci.org as supplemental material). The details of this model
will clearly need to be tested by future work. For example,
whether a-actinin detachment from the membrane is required to
produce the effects we describe remains an open question.

The phosphoinositide modulation of ion channels

includes NMDARs

In oocytes, overexpression of PLCy to increase PIP, hydrolysis
(Kim et al., 1991), electrostatic sequestration of PIP, by polyca-
tionic neomycin (Krauter et al., 2001; Ding et al., 2004), or wort-
mannin at micromolar concentrations to inhibit PIP, synthesis
(Willars et al., 1998) suppressed NMDA currents (Figs. 1, 3)
(supplemental Fig. 1, available at www.jneurosci.org as supple-
mental material).

Stimulation of either EGFR or M, receptor in oocytes caused
an acute transient inhibition (Figs. 24, 3, 4). Both of these recep-
tors cause the hydrolysis of PIP, via distinct coupling to PLCs
(Rhee and Bae, 1997). There is evidence that the EGFR binds
some PI kinases (Cochet et al., 1991) and that PIP, resynthesis
can occur almost concurrently with its agonist-induced break-
down (Xu et al., 2003). This could explain the biphasic response,
i.e., inhibition followed by recovery (Fig. 3), especially because
application of wortmannin at micromolar concentrations to in-
hibit certain PI-4 kinases (Nakanishi et al., 1995) significantly
retarded NR1/2C current recovery. These data altogether
strongly support that NMDAR function requires PIP,.

Coimmunoprecipitation showed that PLCy and the NR1 sub-
unit of NMDARs coexist in a complex (Fig. 2B). NR2A and
NR2B bind to the SH2 (Src homology 2) domains of PLCy in
vitro (Gurd and Bissoon, 1997). Proteomic analysis also detected
PLCy-NMDAR complexes in synaptic preparations (Husi et al.,
2000). Our data are consistent with previous work and further
point out a functional role for the interaction.

In oocytes unable to mobilize intracellular Ca** (Fig. 4), the
response to EGF or ACh was steady-state inhibition. Such pattern
of regulation in oocytes is strongly reminiscent of PIP,-
dependent potassium channels, whose activity is inhibited by
EGF or ACh (Kobrinsky et al., 2000). The inhibition of NMDA
currents by EGF or ACh after thapsigargin pretreatment may rule
out Ca** as the underlying cause. Thapsigargin always abolished
calcium-activated chloride currents (Fig. 4 and other data not
shown). This endogenous oocyte conductance is quite a sensitive
indicator of intracellular Ca®" release (Kobrinsky et al., 2000).
Even for the experiments with intact stores (Figs. 24, 3), it is
unlikely that Ca*>* underlies inhibition, because NR1/2C hetero-
mers (Fig. 3) do not have Ca**-dependent inactivation (Krupp et
al., 1996). PKC effects may not account for the effect either, be-
cause NR1/2C heteromers are insensitive to PKC regulation (Liao
et al., 2001), and PKC inhibitor (staurosporine and bisindolyl-
maleimide) or phosphatase inhibitor application (okadaic acid)
failed to affect ACh inhibition. PKC blockade was confirmed by
measuring phorbol ester-induced inhibition of Kir2.3 currents in
oocytes (data not shown) (Du et al., 2004).

It appears that the recovery from the inhibition is Ca®" de-
pendent, in addition to wortmannin sensitive (compare Figs. 2 A
and 3 with 4). One possibility is that capacitative Ca*" release
during thapsigargin pretreatment results in a more efficacious
PLC activation and thus more dominant PIP, hydrolysis over
resynthesis. Another possibility is that, in intact cells, capacitative
Ca’" release stimulates a Ca’"-sensitive PI kinase activity
(Gamper et al., 2004; Hughes et al., 2007; Pian et al., 2007). In-
terestingly, the Ca®"-binding protein NCS-1 (neuronal calcium
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sensor-1), which has a Xenopus homolog, can bind some PI-4
kinases and trigger Ca’"-dependent PIP, resynthesis (Hendricks
et al., 1999; Zhao et al., 2001; Koizumi et al., 2002).

Notably, wortmannin appears to have a lower potency in pre-
venting recovery after ACh-dependent inhibition compared with
EGF (Fig. 3). It is possible that the PI-4 kinase isoforms that are
activated by the different ligands possess differential sensitivity to
wortmannin.

The effect of PLC-coupled receptors depends on
a-actinin-binding domains

We identified C-terminal domains of NMDAR subunits control-
ling inhibition by PLC-coupled receptors. Deletion mutants dis-
played a practically “yes/no” phenotype, i.e., either preserved or
prevented inhibition. Deletion of the NR1-CO and the NR2B
distal C terminus prevented inhibition (Figs. 5, 6). For NR1, the
results pinpoint the a-actinin-binding segment of CO [residues
858—-863 (Krupp et al., 1999)]. Residue R859 within that region
attenuated the effect (supplemental Fig. 2, available at www.
jneurosci.org as supplemental material). a-Actinin binds NR1
and NR2B but not NR2A (Wyszynski et al., 1997), and deletion of
NR2A C terminus did not significantly affect inhibition (data not
shown). Thus, our functional results are in good agreement with
the binding profile for a-actinin. Other proteins such as postsyn-
aptic density-95 (PSD-95) and spectrin bind NR2A (Kornau et
al., 1995; Wechsler and Teichberg, 1998), yet we cannot com-
pletely rule out the existence of additional factors. Interestingly,
tubulin, the monomer of microtubules, binds to NR1 and NR2B,
but it has not been tested for its interaction, if any, with NR2A
(van Rossum et al., 1999).

We also detected a change in NMDAR interaction with
a-actinin. Using coimmunoprecipitation, NR1 complexed with
a-actinin appeared significantly upregulated by EGF or wort-
mannin (supplemental Fig. 3, available at www.jneurosci.org as
supplemental material). Because this apparent upregulation of
a-actinin—-NR1 complexes occurs under conditions that reduce
NMDA currents (Figs. 1, 4), it should not promote channel
opening. Our model (supplemental Fig. 5, available at www.
jneurosci.org as supplemental material) can account for this re-
sult, because it assumes that a-actinin molecules under these
conditions fail to tether the channel C termini to the plasma
membrane and open the channel as a result of their lack of inter-
action with PIP,. Furthermore, mutation of the binding site of
a-actinin for PIP, (Fukami et al., 1992, 1996), greatly inhibited
NMDA currents and occluded the effect of EGF (Fig. 7).

Our model was further supported by studies on mature hip-
pocampal neurons, in which we expressed mutant a-actinin and
the PIP,-sequestering PLC6—PH domain (Stauffer et al., 1998;
Raucher et al., 2000) and studied their effects on native NMDA
currents. Expression of these proteins inhibited both the peak
and accelerated the inactivation of NMDA currents, fully consis-
tent with a role for a-actinin/PIP, in supporting NMDAR activ-
ity. The more pronounced effect in the late phase of the current
could have important implications for the late phase of EPSPs, an
idea that remains to be tested. Finally, the acceleration of inacti-
vation kinetics by mutant a-actinin or PLC6—PH is not surpris-
ing given that the Ca**-dependent inactivation of NMDARS is
attributable to displacement of a-actinin by Ca®"/calmodulin
(Ehlers et al., 1996; Zhang et al., 1998; Krupp et al., 1999). This
result is consistent with our model and shows how two modes of
regulation, i.e., Ca“—dependent inactivation and PIP, regula-
tion, can both converge on a-actinin to affect NMDAR gating.
Interestingly, these two modes of regulation of NMDA currents
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overlap in controlling kinetics, yet they are additive in controlling
current amplitude. Notably, the effect of mutant a-actinin on the
inactivated NMDA current was somewhat more pronounced
than that of PLC8-PH (Fig. 8) (supplemental Fig. 4, available at
www.jneurosci.org as supplemental material). Thus, of the total
cellular PIP,, an a-actinin-controlled “pool” may specifically
regulate NMDARSs in the vicinity of these channels. This idea
should be further tested.

In the absence of PIP,, a-actinin forms dimers (Young and
Gautel, 2000). We speculate that PIP,-stripped a-actinin in a
bulkier dimeric form may “jam” ion flow through NMDARs. The
EGF- and wortmannin-upregulated a-actinin-NR1 immuno-
complexes may be adopting this state (supplemental Fig. 3, avail-
able at www.jneurosci.org as supplemental material). Such a sce-
nario could also explain why overexpression of wild-type
a-actinin moderately inhibited NMDA currents (Fig. 7). Accord-
ing to this idea, a tetrameric channel could have its ion flow
hindered even with just two subunit monomers interacting with
a-actinin. This was supported in our experiments when full-
length NR1 or NR2B with a mutant partner subunit was suffi-
cient to sustain inhibition (Fig. 6 A, D).

Implications of the effect of PLC-coupled receptors on
glutamatergic physiology and disease

The EGFR belongs to the ErbB family of receptors. EGFRs are
abundant in developing and mature neurons (Futamura et al.,
2003). The most abundant ligand for CNS ErbB receptors is neu-
regulin (Buonanno and Fischbach, 2001). Intriguingly, ErbB-2
and ErbB-4 receptors accumulate in dendritic processes (Gerecke
etal.,, 2001). NMDA and ErbB receptors accumulate at synaptic
puncta and PSDs (Garcia et al., 2000), in which a-actinin is also
present (Wyszynski et al., 1998). Neuregulin reduces whole-cell
NMDAR currents in cortical pyramidal neurons and decreases
NMDAR-mediated EPSCs in cortical slices. This effect is blocked
by an ErbB receptor tyrosine kinase inhibitor, a PLC inhibitor, an
IP; receptor antagonist, or Ca*" chelators, and by agents that
interfere with actin polymerization, but not by microtubular
blockers (Gu et al., 2005). Injection of BAPTA in oocytes to a 5
mM intracellular concentration blocked the ACh modulation of
NMDA currents in our experiments (NR1/2A current after ACh
application 105 * 2% compared with the current before ACh
application, n = 5) (compare with ACh data of Fig. 2A). We also
found that injection of phalloidin (1 um) attenuated the ACh-
induced inhibition (ACh-inhibited NR1/2B current in control
cells, 60.5 = 6% of the current before, n = 7; ACh-inhibited
current in phalloidin cells, 74.2 = 6.9% of the current before, n =
3), whereas microtubular inhibitors did not (data not shown).
Although we used ACh instead of EGF in these experiments, these
pathways similarly regulate NMDA currents in oocytes (Figs.
2—4). It is therefore possible that our effects are accompanied by
a rearrangement of the actin cytoskeleton.

Recent studies suggest that impaired glutamatergic transmis-
sion and especially reduced NMDAR activity underlie the patho-
genesis of schizophrenia (Konradi and Heckers, 2003). EGF ad-
ministration in rats induces various behavioral hallmarks of
schizophrenia (Futamura et al., 2003). In addition, EGFR expres-
sion is found upregulated in forebrain regions of schizophrenics
(Futamura et al., 2002). Our data may provide potential mecha-
nistic insights on how EGF impairs glutamatergic transmission.

In neurons, one main route for PLCyactivation is provided by
Trk neurotrophin receptor tyrosine kinases (Huang and
Reichardt, 2003). Brain-derived neurotrophic factor has been
shown to regulate phosphorylation of NR2B subunits via TrkB
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(Levine etal., 1998; Lin etal., 1999). Future models may be able to
predict NMDAR state by consolidating the efficacy of each syn-
aptic pathway for altering phosphorylation, Ca*" levels, PIP,
levels, and other synaptic modulatory signals.
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