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Abstract
In the developing neocortex, brain-derived neurotrophic factor (BDNF) exerts a trophic activity to
increase the expression and channel activity of α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA)-type glutamate receptor subunits. Here, we demonstrate that the
epidermal growth factor (EGF) receptor (ErbB1) ligands exert the opposite biological activity in
cultured neocortical neurons. Subchronic stimulation of ErbB1 with transforming growth factor α
(TGFα), EGF, or heparin-binding EGF (HB-EGF) down-regulated protein expression of the
GluR1 AMPA receptor subunit in cultured neocortical neurons. In agreement, TGFα treatment
decreased the Bmax of [3H] AMPA binding and GluR1 mRNA levels. Immunocytochemistry
revealed that the decrease in GluR1 was most pronounced in multipolar GABAergic neurons. To
examine the physiological consequences, we recorded AMPA-evoked currents as well as
miniature excitatory postsynaptic currents in morphologically identified putative GABAergic
neurons in culture. Subchronic TGFα treatment decreased AMPA-triggered currents as well as the
amplitude and frequency of miniature excitatory postsynaptic currents. An ErbB1 tyrosine kinase
inhibitor, PD153035, inhibited the TGFα effect. Moreover, TGFα counteracted the neurotrophic
activity of BDNF on AMPA receptor expression. Co-application of TGFα with BDNF blocked
the BDNF-triggered up-regulation of AMPA receptor expression and currents. These observations
reveal a negative regulatory activity of the ErbB1 ligand, TGFα, which reduces the input
sensitivity of cortical GABAergic neurons to attenuate their inhibitory function.
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Introduction
Epidermal growth factor (EGF), transforming growth factor α (TGFα), and heparin-binding
EGF (HB-EGF) all bind to one of EGF receptor subtypes, ErbB1 (Yamada et al., 1997;
Harris et al., 2003; Xian and Zhou, 2004). These factors have neurotrophic actions on
various types of neurons and glia (Maiese et al., 1993; Kornblum et al., 1999; Hanke et al.,
2004). In the adult brain, brain injury, ischemic stress or seizure activity markedly induces
TGFα and HB-EGF expression (Kawahara et al., 1999; Kornblum et al., 1994; Opanashuk
et al., 1999). Accordingly, the neuroprotective activity of these factors is implicated in post-
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ischemic neurodegeneration as well as in counteracting glutamatergic neurotoxicity (Peng et
al., 1998; Opanashuk et al., 1999; Petegnief et al., 2003).

During embryonic and postnatal development, TGFα and HB-EGF mRNAs are highly
expressed in developing and mature neocortex (Kornblum et al., 1997, 1999;
Assimacopoulos et al., 2003). Their receptor, ErbB1, is distributed in not only glial cells but
also in neurons (Kornblum et al., 1995). In particular, ErbB1 is enriched in GABAergic
neurons and dopaminergic neurons (Gómez-Pinilla et al., 1988; Kornblum et al., 1995,
1997). Mice lacking ErbB1 exhibit abnormal cortical development, including loss of
astrocytes and impaired neuronal migration (Threadgill et al., 1995; Kornblum et al., 1998;
Sibilia et al., 1998). The developmental effects of ErbB1 ligands on postmitotic neurons
remain to be characterized, however. Our previous studies indicate that subchronic treatment
with TGFα reduces voltage-gated currents in immature GABAergic neurons (Namba et al.,
2003) and that repetitive EGF stimulation decreases the expression of AMPA-type
glutamate receptors in neocortical cultures (Narisawa-Saito et al., 1999b). These results
suggest the possibility that ErbB1 ligands may play a negative role in the development of
GABAergic neurons or a protective role against excitotoxicity by reducing excitatory
neurotransmission.

There are a large variety of neurotrophic factors and cytokines functioning in the central
nervous system, most of which exert positive actions on neuronal differentiation or synaptic
maturation and transmission. For example, BDNF promotes phenotypic maturation of
neocortical GABAergic neurons (Ip et al., 1993; Nawa et al., 1993; Croll et al., 1994; Marty
et al., 1996; Reibel et al., 2000; Nagano et al., 2003). Exogenous and endogenous BDNF
acts on developing GABAergic neurons to enhance the expression of glutamic acid
decarboxylase (GAD), presynaptic proteins, and AMPA-type glutamate receptors as well as
morphological differentiation (Mizuno et al., 1994; Jones et al., 1994; Takei et al., 1997;
Narisawa-Saito et al., 1999a; Rutherford et al., 1998; Bolton et al., 2000). Gene
manipulation studies have confirmed the facilitatory effects of BDNF on the neocortical
GABAergic inhibition as well (Jones et al., 1994; Huang et al., 1999; Gorski et al., 2003).

Like the immune and endocrine systems, the central nervous system presumably recruits
both positive (facilitative) and negative (inhibitory) factors to precisely regulate the
development of synaptic structures and function. Here, we show a novel inhibitory activity
of the ErbB1 ligand, TGFα, that reduces AMPA receptor expression and function in
cultured neocortical neurons, taking immunochemical approaches and the whole cell patch
clamp method. The negative activity of TGFα is compared with the positive neurotrophic
activity that BDNF exerts on AMPA receptor channel activity and expression.

Results
Subchronic effects of ErbB1 ligands on AMPA-type glutamate receptor expression

Using low-density neocortical cultures, we examined sub-chronic effects of EGF and other
members of the EGF family, on AMPA receptor expression (Fig. 1A). Consistent with the
results of Narisawa-Saito et al. (1999b), EGF treatment (20 ng/ml) significantly down-
regulated protein levels of GluR1, but not those of GluR2/3, whereas BDNF (50 ng/ml)
increased protein expression of GluR1 and GluR2/3. The other EGF family ligands, TGFα
and HB-EGF (both 20 ng/ml), similarly decreased GluR1 protein levels without altering β-
actin levels, which was used as an internal standard. The magnitude of GluR1 down-
regulation by these ErbB1 ligands was similar: The ErbB1 ligands reduced GluR1 protein
levels to approximately 50% of controls ( P < 0.05) (Fig. 1B). Although these factors are
known to stimulate proliferation of progenitor and glial cells (Rabchevsky et al., 1998;
Kornblum et al., 1999), the ErbB1 ligands had no effects on an astrocyte marker, glial
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fibrillary acidic protein (GFAP), and total protein recovery per dish under the given culture
condition (see Experimental methods). The use of serum-free growth medium suppressed
cell proliferation and reduced glial proportion to enable us to evaluate TGFα effects on
cultured neurons (Yokomaku et al., 2005). As almost all ErbB1 ligands had the same impact
on AMPA receptor expression, we focused on TGFα and analyzed its effects on AMPA-
type glutamate receptor function.

TGFα decreases total AMPA binding in neocortical culture
[3H]AMPA binding assays were performed to test whether the down-regulation of GluR1
protein resulted in a change in AMPA receptor activity on the cell surface (Narisawa-Saito
et al., 2002). After 4-day treatment with TGFα, various concentrations of [3H]AMPA were
applied to living cultures, and the cell surface binding of radioactive AMPA was measured
in each dish. The values of bound [3H]AMPA were subjected to Scatchard plot analysis, and
the total number (Bmax) and dissociation constant (Kd) of functional AMPA receptors were
determined for each culture (Fig. 2A). The Bmax of AMPA receptors significantly decreased
from 4.16 ± 0.13 pmol/mg to 2.25 ± 0.15 pmol/mg. The dissociation constant of the AMPA
receptors (Kd) decreased from 213.0 ± 12.4 nM to 60.7 ± 7.3 nM. A similar decrease in the
maximal AMPA binding (with 300 nM [3H]AMPA) was observed on per-dish basis as well
(from 1.74 ± 0.01 pmol/dish to 0.85 ± 0.02 pmol/dish; unpaired test, P = 0.044). The
observed trend in AMPA binding per dish basis indicates that TGFα treatment also reduced
the total number of surface AMPA receptors in culture.

To examine how the decrease in total GluR1 protein levels was represented in individual
neurons, cortical cultures were immunostained with the anti-GluR1 antibody (Fig. 2B).
GluR1-immunoreactivity was detectable in almost all cells with different intensities, which
is consistent with the previous report (Narisawa-Saito et al., 1999). The chronic treatment
with TGFα appeared to decrease the number of the cells containing strong GluR1
immunoreactivity, which often exhibited multipolar dendritic morphology. The
immunocytochemical data indicate that there are significant variations in the TGFα
responses among individual cortical neurons.

Effect of TGFα on GluR1 immunoreactivity
In the neocortex, GABAergic neurons comprise approximately 20% of total neurons and
some of them express high levels of the AMPA-type glutamate receptor subunit, GluR1
(Yin et al., 1994; Kharazia et al., 1996; Kondo et al., 2000). Therefore, we mainly focused
on GABAergic neurons and investigated GluR1 expression in this population. The
expression of EGF receptors (ErbB1) in cultured GABAergic neurons was confirmed using
the anti-ErbB1 antibody (Gómez-Pinilla et al., 1988; Kornblum et al., 1995). In neocortical
cultures, a majority of GAD67-positive cells (approximately 74%) were immunoreactive to
the anti-ErbB1 antibody (Fig. 3A).

Our previous study indicates that inhibitory neuronal populations expressing higher levels of
GluR1 have a multipolar dendritic morphology in culture and retain developmental plasticity
in response to BDNF (Nagano et al., 2003). The down-regulations in GluR1 protein
observed in the present study might reflect negative reaction of the same GABAergic
population. To distinguish GABAergic from non-GABAergic neurons, neocortical cultures
were immunostained with an antibody raised against GAD67. The treatment with TGFα had
no significant effect on the number of GAD67-immunopositive neurons at 5 DIV (control:
54.2 ± 3.2 cells/mm2, TGFα: 51.7 ± 1.5 cells/mm2, n = 4 each). In control cultures, almost
all GAD67-positive cells expressed higher levels of GluR1 immunoreactivity and often had
multipolar dendritic morphology (Figs. 3B and 4A). GluR1 immunoreactivity of these
GABAergic cells appeared to decrease in TGFα-treated cultures: The intensity of GluR1
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immunoreactivity in GABAergic neurons became comparable to that in non-GABAergic
neurons (Fig. 3B).

Neocortical neurons carrying GABA- or GAD-immunoreactivity display bipolar and
multipolar dendritic morphology (de Lima and Voigt, 1997; Rutherford et al., 1998; Namba
et al., 2003). In cortical cultures, a majority of GAD67-positive cells contained higher
intensity of GluR1 immunoreactivity, compared with that of GAD67-negative cells (Fig.
4A). We grossly classified cultured neurons into three categories; GAD67-positive cells
with multipolar dendrites, GAD67-positive cells with bipolar dendrites, and GAD67-
negative cells. In each category, the intensity of GluR1 immunoreactivity and the cell
number were plotted and subjected to statistical analysis to evaluate the effects of TGFα. In
multipolar cells, the mean intensity of GluR1 immunofluorescence was significantly reduced
by TGFα treatment, compared to control culture (control: n = 123, TGFα: n = 124, P <
0.001, unpaired t test) (Fig. 4B). In bipolar cells, similarly, TGFα treatment also decreased
the frequency of immunoreactive neurons for GluR1, but the effect was modest (control: n =
84, TGFα: n = 82, P = 0.031, unpaired t test) (Fig. 4C). In contrast to the effects on these
neuronal subpopulations, the distribution of GluR1 immunoreactivity in GAD67-negative
cells was not significantly different between control and TGFα-treated cultures (control: n =
186, TGFα: n = 186, P = 0.68) (Fig. 4D). For instance, intensities of GluR1
immunoreactivity in non-GABAergic neurons (GAD67-negative cells) were rather lower
and often indistinguishable in control and TGFα-treated cultures (Fig. 3B). Thus, it is likely
that the GluR1 down-regulation at the total protein level mainly reflects the decrease
observed in multipolar type GABAergic neurons.

Effects of TGFα on mRNA expression of AMPA receptors
To test whether the decrease in GluR1 protein is caused by a decline of its mRNA, we used
quantitative real-time PCR analysis (Table 1) to measure the effects of TGFα on GluR1 and
other AMPA receptor subunits. TGFα treatment significantly decreased GluR1 mRNA to
~63% of control level ( P < 0.001, unpaired t test) with no alteration in the levels of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as internal standard (Fig. 5). GluR2
mRNA was decreased to ~78% of control level ( P = 0.03, unpaired t test). In contrast, there
were no significant alterations in mRNA levels of GluR3 ( P = 0.51) (Fig. 5B). These results
suggest that TGFα treatment most markedly down-regulates GluR1 mRNA expression,
presumably leading to the reduction in GluR1 protein levels as well as in surface AMPA
binding activity.

Effects of TGFα on AMPA currents
Using the morphologic criteria, GABAergic neurons can be identified in cultures with an
accuracy of approximately 80% (Nagano et al., 2003). To examine physiological
significance of the GluR1 down-regulation, we performed whole-cell patch-clamp recording
from the morphologically identified GABAergic neurons that display multipolar
morphology. We measured the amplitude of inward currents triggered by local application
of an agonist, AMPA (100 μM). Subchronic treatment of neocortical cultures with TGFα
significantly decreased AMPA currents from 131.9 ± 8.6 to 68.0 ± 7.2 pA (Table 2, Fig. 6).
TGFα treatment had no effect on passive-electrical properties of these cells, however (Table
2). Further, the suppressive effect on AMPA currents was blocked by co-application of the
selective ErbB1 receptor inhibitor, PD153035 (100 nM). Application of PD153035 alone
had no effect on AMPA current amplitudes. These results suggest that the down-regulation
of AMPA currents is mediated by ErbB1 receptors.
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Effects of TGFα on miniature excitatory postsynaptic currents
Miniature current analysis was performed to explore the effects of TGFα on AMPA receptor
activity at synapses. To allow for synaptic maturation to produce a sufficient number of
spontaneous synaptic events, the culture period was extended to 13–14 days in vitro (DIV).
Whole-cell patch-clamp recording revealed that TGFα treatment decreased the miniature
excitatory postsynaptic currents (mEPSC) in multipolar-type neurons from 24.4 ± 1.6 pA to
17.5 ± 1.4 pA (n = 12, P < 0.01) (Fig. 7). The treatment had no effect on the kinetics of
mEPSC and there was no significant difference in current decay time (control: 2.0 ± 0.1 ms,
TGFα: 2.3 ± 0.1 ms, P = 0.16). The frequency of mEPSCs decreased significantly from 0.89
± 0.15 Hz to 0.45 ± 0.05 Hz ( P < 0.05). In contrast, TGFα treatment statistically had no
apparent effect on the electrical properties of these multipolar GABAergic neurons in long-
term culture, including input resistance (control: 917 ± 61.5 MΩ, TGFα: 715 ± 85.3 MΩ),
membrane capacitance (control: 70.6 ± 3.40 pF, TGFα: 65.2 ± 6.32 pF), and series
resistance (control: 15.6 ± 0.41 MΩ, TGFα: 16.1 ± 0.97 MΩ).

Antagonistic effects of TGFα against BDNF
Subchronic treatment with BDNF up-regulates the expression and activity of AMPA
receptor channels in GABAergic neocortical neurons in culture (Narisawa-Saito et al., 2002;
Nagano et al., 2003). The present results revealed an opposing activity of TGFα, reducing
the expression and activity of AMPA receptor channels. Assuming that the target neurons of
BDNF and TGFα are the same, do these factors counteract each other to regulate AMPA
channel activity? We applied both factors to neocortical cultures and examined which
activity predominates in the expression and channel function of AMPA receptors.
Subchronic treatment with BDNF (50 ng/ml) increased GluR1 and GluR2/3 proteins to 150
± 5% and 240 ± 13% of untreated culture, respectively (Figs. 8A and B), as reported
previously (Narisawa-Saito et al., 1999a,b). Co-application of TGFα with BDNF, however,
fully blocked the BDNF effects on GluR1 protein ( P < 0.01), but not on GluR2/3 protein ( P
= 0.19).

Physiological examination with whole-cell patch-clamp recording supported this
immunoblot result (Fig. 8C, Table 2). BDNF elevated AMPA-evoked currents from 131.9 ±
8.6 to 357.0 ± 98.5 pA ( P < 0.05) in the multipolar-type neurons. This upregulation in
AMPA currents was inhibited by co-application with TGFα. AMPA currents in TGFα/
BDNF-treated culture were indistinguishable from those of untreated cultures. BDNF
treatment caused an increase in membrane capacitance of the multipolar-type neurons,
which presumably reflect an increase in somatic diameter and/or neurite length (McAllister
et al., 1995; Jin et al., 2003; Nagano et al., 2003) (Table 2). Co-application with TGFα,
however, failed to influence this activity of BDNF. These results indicate that TGFα
specifically counteracts the neurotrophic action of BDNF on GluR1 receptor function.

Discussion
Growth factors and neurotrophic factors have long-lasting actions to promote the phenotypic
development of neurons, including neurochemical maturation and synaptic formation
(McAllister, 2002; Vicario-Abejon et al., 2002). For example, subchronic treatment with
BDNF facilitates the expression of AMPA-type glutamate receptors, which lead to synaptic
maturation in developing neocortex and hippocampus (Narisawa-Saito et al., 1999b;
Rutherford et al., 1998; Sherwood and Lo, 1999; Bolton et al., 2000). An ErbB3/4 ligand,
neuregulin-1, regulates the expression and function of NMDA-type glutamate receptors
(Ozaki et al., 1997). The present study reveals an opposite activity of ErbB1 receptor
ligands, which down-regulates the expression and function of the AMPA-type glutamate
receptor, GluR1. Treatment with TGFα or other ErbB1 ligands (EGF and HB-EGF)
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decreased the expression of GluR1 protein in short-term neocortical cultures. The inhibitor
for ErbB1 tyrosine receptor kinase fully blocked the action of these ErbB1 ligands. More
prolonged treatment with TGFα decreased the amplitudes of spontaneous mEPSP, which
presumably reflects a decrease in AMPA receptor expression at synapses. Other growth
factors such as basic fibroblast growth factor (bFGF) and platelet-derived growth factor
(PDGF), both of which are potent mitogens for astrocytes and fibroblast, have no ability to
down-regulate AMPA receptor expression (Narisawa-Saito et al., 1999b; Jourdi and Nawa,
2002). These results suggest that peptide ligands for ErbB1 receptors have a unique
biological activity to suppress the development of GluR1 receptor-containing synaptic
AMPA receptors.

Competition between the positive and negative regulators, BDNF and TGFα
Previous studies suggest that subchronic stimulation of BDNF receptors increases and
maintains the expression of both GluR1 and AMPA currents in multipolar GABAergic
neurons both in vivo and in vitro (McLean Bolton et al., 2000; Nagano et al., 2003). The
present investigation demonstrates that the BDNF-induced up-regulation of AMPA currents
was reversed to control levels by co-application of TGFα. TGFα appeared to have a
competitive role against conventional neurotrophic factor in the regulation of GluR1 subunit
expression. BDNF also increases whole-cell capacitance in cultured neurons, which
presumably represents an increase in soma size and/or neurite length (Jin et al., 2003;
Widmer and Hefti, 1994; Wirth et al., 2003). Co-treatment with TGFα, however, failed to
counteract this action of BDNF.

A large amount of BDNF is produced and released mainly from excitatory neurons, while
TGFα is synthesized in both neurons and glial cells (Seroogy et al., 1993; Conner et al.,
1997). These two different factors might converge onto the same population of GABAergic
neurons to regulate GluR1 expression. These observations suggest that the counteraction of
TGFα against BDNF is relatively specific for the regulation of AMPA receptor phenotype
and might alter the composition of GluR1-containing AMPA receptor channel complexes at
the synapse. What is the intracellular signal that plays a critical role in distinction of the
biological reactions with TGFα and BDNF? This is an interesting question and remains to
be characterized in future studies, as both factors activate the same set of signal transducers
such as the Ras/MAP kinase cascade, the PI3 kinase/Akt cascade and the PLC gamma/ PKC
cascade (Yamada et al., 1997; Harris et al., 2003; Xian and Zhou, 2004).

We have previously shown multiple effects of BDNF in the regulation of AMPA receptors,
including their protein expression, interaction with cytoskeletal components and partner
PDZ proteins, and channel activity and localizations (Narisawa-Saito et al., 2002; Jourdi et
al., 2003). In addition, BDNF effects on AMPA receptors involve the activation of N-
ethylmaleimide-sensitive factor (NSF) and the subsequent recruitment of the AMPA
receptor-associated PDZ scaffolding molecules (Narisawa-Saito et al., 2002; Jourdi et al.,
2003). Our recent results indicate that EGF and other ErbB1 ligands down-regulates the
expression of the AMPA receptor-associating PDZ molecules such as SAP-97 and GRIP,
which bind to AMPA receptors and stabilize them by providing a link to cytoskeleton of
postsynaptic sites (Yokomaku et al., 2005). Therefore, it is possible that BDNF and TGFα
also contribute to postsynaptic organization of the AMPA receptors by positively and
negatively influencing the expression of PDZ scaffolding proteins as well.

Distinction between mitotic activity and AMPA receptor-reducing activity of TGFα
ErbB1 ligands are known to stimulate proliferation of various types of cells including
astrocytes (Reynolds and Weiss, 1996; Rabchevsky et al., 1998). In the present study,
however, the effects of TGFα on AMPA receptor, does not appear to involve astrocyte
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proliferation and was distinct from its mitotic action. The combination of serum-free
medium with the anti-mitotic treatment attenuated glial proliferation. In agreement with the
previous reports, a subpopulation of GABAergic cells expressed one of EGF receptor
subtypes, ErbB1, and bound to fluorescent-labeled EGF (Gómez-Pinilla et al., 1988;
Kornblum et al., 1995). Moreover, the GluR1-reducing activity of TGFα was apparent not
only in AMPA binding activity per milligram protein but also on per culture dish basis: If
the mitotic activity of TGFα contributed to the change in AMPA binding, then glial
proliferation should either not influence or increase AMPA binding per dish, because
astrocytes also express functional AMPA receptors (Seifert and Steinhauser, 2001; Iino et
al., 2001). The marked decrease in AMPA binding by TGFα ruled out this explanation. In
our physiological analysis, long-term culture of cortical neurons was required to obtain
reasonable amounts of miniature currents in whole-cell patch-clamp recording, although the
longer culture duration allowed astrocytes to proliferate. Even in the presence of a large glial
population, however, there was a similar degree of decrease in AMPA receptors to that
observed in the short-term cultures. Although we cannot rule out the possibility that non-
neuronal population including glial cells might indirectly influence this process, it is less
likely that glial cells played a central role on AMPA receptor down-regulation. The fact that
other potent growth factors for glial cells (PDGF and bFGF) failed to mimic the AMPA
receptor-reducing activity of TGFα may support this explanation (Narisawa-Saito et al.,
1999b; Jourdi and Nawa, 2002).

Influences of TGFα on AMPA receptor binding kinetics
[3H]AMPA binding assays revealed that untreated control cultures exhibited similar Bmax
and Kd values to those reported previously (Narisawa-Saito et al., 2002). Treatment of
cultured cortical neurons with TGFα decreased the Bmax of the binding, which implies a
decrease in the total number of surface AMPA receptors. This suggests that the TGFα-
triggered reduction in total AMPA receptor content resulted in decreased surface AMPA
receptors as well. In parallel, Kd values were decreased by TGFα treatment, suggesting an
increase in AMPA receptor affinity. There are high and low affinity components of AMPA
binding in brain preparations (Hall et al., 1992; Standley et al., 1994, 1998). It is possible
that the observed alteration in the affinity of AMPA binding might be caused by post-
translational modification of AMPA receptors following ErbB1 activation (Matsuda et al.,
1999; Suzuki et al., 2005). Alternatively, the ErbB1 activation reduces the expression of
AMPA receptor-associating PDZ proteins, SAP97 and GRIP1, and potentially influences
subcellular distributions and affinity of the AMPA receptor subunits (Yokomaku et al.,
2005). The real nature of the affinity increase awaits further investigation at molecular
levels.

Biological implication of TGFα action
Both neural stem cells and their immediate postmitotic descendents express ErbB1 receptors
in developing cortical structures (Eagleson et al., 1996; Fox and Kornblum, 2005). These in
vivo observations on ErbB1 receptors agree with the present culture results. A significant
proportion of cultured cortical neurons including GABAergic neurons, which were prepared
from rat embryos at late gestation, were positive for ErbB1 and/or ErbB4 (Yau et al., 2003;
Fox and Kornblum, 2005). Even at later postnatal stages, ErbB1 immunoreactivity or
mRNA is detected in basket-like cells or GABAergic neurons in the neocortex (Gómez-
Pinilla et al., 1988; Kornblum et al., 1995; Fox and Kornblum, 2005). Therefore, the down-
regulation of AMPA-type glutamate receptor presumably represents the direct action of
TGFα and any other ErbB1 ligands on developing GABAergic neurons. In vivo, however,
the activation of the other ErbB receptors might mimic the action of TGFα. ErbB2–4
receptors are known to interact with ErbB1 and the heterodimerization of ErbB1 and the
other ErbB receptor phosphorylates and transactivates ErbB1 receptors (Leahy, 2004; Xian
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and Zhou, 2004, both for review). Our preliminary result that in vivo challenge of another
ErbB1 ligand, EGF, down-regulates AMPA receptor expression and function in the
neocortex supports this argument (TN unpublished data).

At the adult stage, TGFα and HB-EGF are induced by seizures and suggested to protect
neurons from glutamate-induced excitotoxic damage (Petegnief et al., 2003; Opanashuk et
al., 1999). These previous results are consistent with the present finding. The ErbB1 ligands
down-regulate the functional expression of the glutamate receptors and, therefore, exert a
neuroprotective activity against excitotoxicity. Future studies will evaluate the pathological
significance of the AMPA receptor reducing activity in ischemic and seizure paradigms as
well. The present findings illustrate the presence of a negative regulatory factor(s) in the
central nervous system, which might compete with conventional neurotrophic activities.
Such negative regulatory factors, together with conventional positive neurotrophic factors,
may play a role in local regulation of development or degeneration of inhibitory cortical
neurons.

Experimental methods
Cell culture

The neocortex of embryonic day 19 (E19) rats (Sprague–Dawley; Nihon SLC, Shizuoka,
Japan) was treated with papain and mechanically dissociated (Nagano et al., 2003).
Dissociated neurons were suspended and plated onto poly-D-lysine-coated dishes at a
density of 500–800 cells/mm2 in Dulbecco’s modified Eagle’s medium (DMEM) containing
10% calf serum and grown in DMEM containing 0.5 mM glutamine, nutrient mixture N2,
and 10 mM HEPES (pH 7.3) to minimize cell proliferation (serum-free N2 medium)
(Narisawa-Saito et al., 1999a). In biochemical experiments, BDNF (Sumitomo Pharm. Ltd.,
Osaka, Japan, 50 ng/ml), human EGF (20 ng/ml; Sigma Chemical Co., St. Louis, MO),
human TGFα (20 ng/ml; Sigma Chemical), or human HB-EGF (20 ng/ml; R&D Systems)
was added daily from 1 DIV for 5 to 6 days. For electrophysiological analysis, cytosine
beta-arabinofuranoside (AraC, 5 μM; Wako, Tokyo, Japan) was added to inhibit glial
proliferation (see below). The use of serum-free N2 medium in combination with AraC
reduced glial contamination to less than 5% as examined with glial fibrillary acidic protein
immunostaining (Narisawa-Saito et al., 1999b).

Immunostaining
GluR1 immunoreactivity and its localizations in neuronal culture were examined by
immunostaining. Neocortical culture was fixed with 4% paraformaldehyde in the presence
or absence of 0.5% glutaraldehyde for 30 min and immunostained with the following
primary antibodies; mouse anti-GAD67 (2 μg/ml; Chemicon Int., Temecra, CA), rabbit anti-
GluR1 (2.5 μg/ml; Chemicon Int., Temecra, CA), rabbit anti-ErbB1 (5 μg/ml; Santa Cruz
Biotechnology, Santa Cruz, CA), and rabbit anti-GABA antibodies (1:500, Immunotech,
Plaque, Czech Republic). Their immunoreactivity was visualized with the incubation of the
secondary antibodies conjugated with Alexa Fluor® 488 (1:200) or 546 (1:500) (both
Molecular Probes, Eugene, OR) or the Vectastain ABC elite kit (1:100 for secondary
antibody; Vector Laboratories, Burlingame, CA). Immunostained culture was observed with
the aid of an Axioscop and pictured with a digital camera (1392 × 1040 pixels; Olympus,
Tokyo, Japan). Captured neuron images were analyzed by imaging software (Adobe
Photoshop® version 5.5, Adobe, San Jose, CA). The intensity of red fluorescence for GluR1
immunoreactivity was measured in somatic area and subtracted that in background area.
Analysis was performed on 30–50 GAD67-immunoreactive multipolar and bipolar cells and
GAD67-negative cells with or without pyramidal morphology chosen randomly from four
sister culture dishes in each group.
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Western blotting
Immunoblot analysis was performed according to standard procedures as previously
described (Narisawa-Saito et al., 1999b; Xiong et al., 1999). Briefly, cultured cells were
lysed in Laemmli sample buffer (2% sodium dodecyl sulfate (SDS), 62.5 mM Tris pH 6.8).
After centrifugation, protein in supernatants was denatured at 95°C in the presence of 5% 2-
mercaptoethanol and 10% glycerol. Protein (50 μg/lane) was separated by SDS-
polyacrylamide gel electrophoresis and transferred to a nitrocellulose membrane by
electrophoresis. Primary antibodies were diluted and incubated with the membrane at 4°C
overnight. Immunoreactivity was detected with goat anti-rabbit or anti-mouse
immunoglobulin conjugated to peroxidase (1: 10,000; Vector Laboratories, Burlingame,
CA), followed by chemiluminescence reaction combined with film exposure (ECL kit,
Amersham Biosciences, Tokyo, Japan). The following primary antibodies were used:
affinity-purified rabbit anti-GluR1 (Chemicon International, Temecula, CA), anti-GluR2/3
(Chemicon International), rabbit anti-GFAP (DAKO, Denmark) and mouse anti-beta actin
(Chemicon International) antibodies. The immunoreactivity of the bands was quantified by
densitometric analysis.

[3H]AMPA binding assay
[3H]AMPA binding assays were performed by the procedures described previously
(Narisawa-Saito et al., 2002). Briefly, cultures were rinsed with Tris buffer, pH 7.4,
containing 100 μM sodium acetate, 2.5 mM CaCl2, and 5 g/L glucose. [3H]AMPA (Perkin
Elmer Life Sciences) was adjusted to 50 nM with the Tris buffer and diluted with 0 to 800
nM cold AMPA (Sigma). Neocortical cultures were incubated with the AMPA solution on
ice for 60 min. An excess amount of cold AMPA (100 μM) was applied to the culture to
examine nonspecific [3H]AMPA binding to cells. After rapid washing with cold Tris buffer,
cells were lysed with 0.5 N NaOH and the radioactivity of cell lysates was measured with an
LSC-3050 liquid scintillation counter (Aloka, Tokyo, Japan).

Electrophysiological analysis
Electrophysiological data of AMPA currents were obtained from neocortical cultures of 8
and 9 DIV, which express membrane excitability and channel activity. Because TGFα has
mitotic actions on putative progenitor cells (Kornblum et al., 1998, 1999; Reynolds and
Weiss, 1992), chronic treatment for more than 5 days with TGFα markedly enhanced
proliferation of these non-neuronal cells in neocortical cultures. To minimize the indirect
effects of TGFα via proliferating non-neuronal cells, cultures were treated with AraC for 48
h from 4 DIV. A non-competitive ErbB1 tyrosine kinase inhibitor, PD 153035 (100 nM;
Calbiochem, San Diego, CA) was applied 2 h before TGFα treatment (Bos et al., 1997). For
observation of miniature excitatory postsynaptic currents (mEPSCs), TGFα (20 ng/ml) was
applied daily from 8 DIV for 5 days. Tetrodotoxin (TTX; 1 μM; Wako) was also applied
daily to eliminate the indirect influences of synaptic activity. AraC was applied for 24 h
from 8 DIV. Electrophysiological results were obtained at 13 and 14 DIV.

GABAergic neurons were identified based on morphological criteria (de Lima and Voigt,
1997; Nagano et al., 2003). Typical multipolar-type GABAergic neurons were characterized
by their triangular or rectangular somata with four to six thick dendrites (see Fig. 3). Cells
were recorded using the whole-cell patch-clamp method. Recording medium contained 150
mM NaCl, 4 mM KCl, 2 mM CaCl2, 10 mM HEPES, 10 mM glucose, 1 mM MgSO4, and
10 mM sucrose (320 mosM; pH 7.4). Whole-cell patch-clamp recording was performed
using borosilicate glass capillaries pulled to a tip resistance of 3 to 5 MΩ. The patch pipette
contained 130 mM CsMeSO3, 10 mM CsCl, 10 mM HEPES, 0.5 mM EGTA, 5 mM
QX-314Cl, 0.1 mM spermine–4HCl, and 3 mM Mg–ATP and sucrose was added to adjust
the osmolarity to 300 mosM (pH 7.4). Input resistance and series resistance was determined
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by measuring the current change in response to a negative 5-mV pulse from a holding
potential of −78 mV. Cell capacitance measurements were made by integration of capacitive
transients. All data were filtered at 2 kHz and digitized at a sampling rate of 10 kHz.
Recordings with a series resistance of more than 40 MΩ or in which the series resistance
changed by more than 20% were excluded. Using a picospritzer (WPI, New Haven, CT) and
a second recording pipette filled with 100 μM AMPA (Tocris Cookson Inc, Bristol, UK),
we measured AMPA currents induced by local puff application (6 psi, 10 ms). For recording
of miniature postsynaptic currents, 10 μM bicuculline (Sigma) and 1 μM TTX (Wako) were
added to the external solution.

Real-time quantitative PCR
Total culture RNA from 4 DIV culture was extracted as described previously (Namba et al.,
2003). Quantitative assessment of mRNA levels was carried out with a real time PCR
machine (Light Cycler, Roche Diagnostics, Tokyo, Japan). Total RNA (20–200 ng) was
subjected to RT-PCR amplification (60°C 10 min, 94°C 2 s, 35 cycles of 94°C, 55°C 5 s,
72°C 10 s and measuring fluorescent after 80–85°C incubation for 1 s) in a final volume of
25 μl using RT-PCR high plus (Toyobo, Osaka, Japan), containing of ×1/20,000 SYBR®

Green I (Molecular Probes) and 5 pmol of primers listed in Table 1. PCR primers were
characterized previously (Porter et al., 1998; Kamphuis et al., 2003), or designed with the
computer program, Primer 3 (Rozen and Skaletsky, 2000). Relative amounts of mRNA of
glutamate receptors were calculated by the differences of cycles during linear amplification,
and normalized to the relative expression of GAPDH mRNA.

Statistics
Data are expressed as mean ± SE. Statistical analysis of molecular data was performed using
one-way analysis of variance followed by the Bonferroni test. Alternatively, Student’s t test
was applied to compare two experimental groups.
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Fig. 1.
Effects of EGF family members on protein levels of AMPA-type glutamate receptor
subunits. Neocortical neurons were cultured at a low density in serum-free medium in the
presence or absence of EGF, HB-EGF or TGFα (20 ng/ml) for 5 days. Total cellular protein
was collected and processed for immunoblotting. (A) Typical examples of immunoblotting
are displayed. (B) The blotting results (from four cultures; total n = 4) were quantified by
densitometry and plotted. *P < 0.05, **P < 0.01 with the unpaired t test.
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Fig. 2.
Decreased AMPA binding and GluR1-immunoreactivity in TGFα-treated neocortical
cultures. (A) A typical Scatchard plot is shown for the radioactivity of [3H]AMPA bound to
neocortical cultures treated with or without TGFα for 4 days. The set of binding assay was
repeated four times, and the maximum amounts of bound [3H]AMPA (Bmax) and the
dissociation constant (Kd) were calculated for each plot and averaged (n = 4). **P < 0.01.
Non-specific background binding of [3H] AMPA to neurons (59 ± 8% of total [3H] AMPA
binding) was estimated by replacing the [3H] AMPA with excess amounts of cold AMPA
(100 μM) and subtracted from raw experimental values of [3H] AMPA binding. (B) GluR1-
immunoreactivites were decreased in TGFα-treated cultures. Cortical cultures were treated
with or without TGFα for 5 days. After fixation, cells were stained with the anti-GluR1
antibody and the immunoreactivity was visualized with the ABC kit. Arrowheads mark the
typical multipolar neurons carrying higher levels of GluR1 immunoreactivity. Scale bar = 40
μm.
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Fig. 3.
ErbB1- or GluR1-immunoreactivity of GAD67-positive neurons. (A) Colocalization of
GAD67 with ErbB1 immunoreactivity. Control cultures were immunostained with anti-
GAD67 and anti-ErbB1 antibodies followed by their secondary antibodies conjugated to
Alexa Fluor® 488 (green) and Alexa Fluor® 546 (red), respectively. Arrowheads mark
GAD67- and ErbB1-double positive cells. (B) Effects of TGFα on immunoreactivity of
GluR1 in the GAD67 immunopositive neurons. Immunoreactivity for GAD67 and GluR1
proteins was visualized with Alexa Fluor® 488 (green) and Alexa Fluor® 546 (red),
respectively. Stronger GluR1 immunoreactivity was detected in GAD67-positive multipolar
neurons. Treatment with TGFα reduced GluR1 immunoreactivity of these neurons.
Arrowheads indicate GAD67-negative cells. Scale bar = 20 μm.
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Fig. 4.
Distributions of GluR1 immunofluorescence in GAD67-positive and negative cell
populations. (A) The intensity of GluR1-immunoreactivity was compared between GAD67-
positive and GAD67-negative cell populations in the control culture condition. Fluorescent
intensities of somatic area were measured from four sister culture dishes and the frequency
of each category of cells in total population was plotted. Mean Intensity of GluR1
immunoreactivity was 23.4 ± 0.4 and 9.7 ± 0.4 in GAD67-positive (closed bars) and
GAD67-negative (open bars) cell populations, respectively. Note: The frequency of the cells
that were markedly immunoreactive for the anti-GluR1 antibody (>20.0 intensity) was 69.5
± 1.8 and 2.3 ± 0.9 in GAD67-positive and GAD67-negative cell populations, respectively.
(B) The number of GluR1-immunoreactive cells was plotted over their GluR1 fluorescent
intensities in the GAD67-positive multipolar population. Fluorescent intensities of somatic
area were measured from four sister culture dishes. Mean intensity of GluR1
immunoreactivity in this population was 22.7 ± 0.6 and 17.6 ± 0.6 in control (open bars) and
TGFα-treated (closed bars) cultures, respectively. (C) Fluorescent intensities in the GAD67-
positive bipolar cells. Fluorescent intensities were measured from four sister culture dishes.
Mean intensity of GluR1 immunoreactivity was 24.3 ± 0.8 and 21.7 ± 0.8 in control and
TGFα-treated cultures, respectively. (D) Distribution of GluR1 fluorescent intensities in the
GAD67-negative cell population. Mean intensity of GluR1 immunoreactivity was 8.2 ± 0.3
and 8.0 ± 0.3 in control and TGFα-treated cultures, respectively.
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Fig. 5.
TGFα-triggered suppression of AMPA receptor mRNAs. Total RNA was extracted from
untreated control and from cultures that were treated with TGFα for 3 days. (A) Typical
examples of PCR products of GluR1 and GAPDH, which were amplified 29 and 28 cycles
of PCR, respectively. PCR products were separated in 2% agarose gel electrophoresis and
stained with ethidium bromide only for display. (B) mRNA levels for GluR1, GluR2 and
GluR3 were independently determined by a quantitative real-time RT-PCR machine (Roche
Diagnostics) using the specific primer sets and SYBR Green I (see Table 1). Relative
mRNA levels for each glutamate receptor subunits were calculated by the Fit Point program

Namba et al. Page 19

Mol Cell Neurosci. Author manuscript; available in PMC 2013 June 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and normalized to the amounts of amplified GAPDH cDNA in each sample (n = 5–8 each).
*P < 0.05, **P < 0.01, unpaired t test.
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Fig. 6.
TGFα-triggered down-regulation of AMPA-evoked currents and effects of PD153035.
Cultured cortical neurons were similarly prepared from embryonic rat neocortices and
treated chronically with or without TGFα from 2 DIV to 6 DIV. Some cultures also
contained a specific ErbB1 tyrosine kinase inhibitor, PD153035 (100 nM). AMPA (100 μM)
was locally applied to cell bodies of multipolar neurons by air pressure. AMPA-evoked
currents were recorded from multipolar neurons by a whole-cell patch-clamp technique (−78
mV). (A) Typical AMPA-evoked currents for display. (B) Peak AMPA currents (pA) mean
± SE (n = 12 for each group; ANOVA; F(2,33) = 9.42; P = 0.0006). post hoc: **P < 0.01.
(C) I–V plots for AMPA-evoked currents are shown for control and TGFα-treated cultures.
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Fig. 7.
TGFα decreases mEPSC amplitudes in multipolar neurons. Cortical cultures were treated
with or without TGFα for 5 days from 8 DIV and assayed at 13–14 DIV. (A) Spontaneous
mEPSCs were recorded from multipolar neurons by a whole-cell patch-clamp technique. (B)
Thirty mEPSC responses were calculated from multipolar neurons and averaged. (C)
mEPSC frequencies were analyzed for multipolar neurons of control culture or TGFa-treated
culture (n = 12 each, *P < 0.05, U = 32, Mann–Whitney U test). (D) mEPSC amplitudes of
multipolar neurons were plotted (n = 12 each, **P < 0.01, U = 18, Mann–Whitney U test).
Average quantal amplitudes of 100 events for the neurons that were grown with or without
TGFa. (E) Cumulative amplitude histograms of mEPSCs were plotted for TGFa-treated and
control multipolar neurons (P < 0.0001, Kormogorov–Smirnov test).
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Fig. 8.
TGFα antagonizes the upregulation of GluR1 protein and AMPA currents enhanced by
chronic BDNF exposure. (A) Neocortical neurons were grown in serum-free condition for 5
days either with or without 50 ng/ml BDNF. In addition, 20 ng/ml TGFα was supplemented
together with BDNF. GluR1 levels were determined in total protein lysate. Protein levels for
GluR1 were significantly increased by chronic BDNF treatment (n = 4 each, ANOVA F(2,9)
= 79.4, P < 0.001). (B) Protein levels for GluR2/3 were significantly increased by chronic
BDNF treatment but the increase was not reversed by the coapplication of TGFα and BDNF
(n = 4 each, ANOVA F(2,9) = 16.9, P < 0.001). (C) Typical AMPA-evoked currents when
morphologically characterized neurons were clamped at −78 mV. Cultured cortical neurons
were similarly prepared from embryonic rat neocortices and treated chronically with BDNF
alone or with BDNF and TGFα. AMPA (100 μM) was locally applied to cell bodies by air
pressure. Results are mean ± SE (n = 12 each; ANOVA F(2.33) = 5.12, P = 0.012). Note:
there was no significant difference between AMPA-triggered currents in control and BDNF
plus TGFα-treated cultures ( P = 0.90). post hoc: *P < 0.05, **P < 0.01, ***P < 0.001.
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Table 1

Primer sequences for quantitative PCR reaction, anticipated amplicon length, and GenBank accession number

Target bp GenBank

GluR1

Sense TTACCACAGAGGAAGGCATGATC 166bp M36418

Antisense CCCTTGGGTGTCGCAATG

GluR2

Sense GTTTGTGAGGACTACCGCAGA 176bp M36419

Antisense ATCCTTTAGGTGTGGCGATG

GluR3

Sense GCAGAGCCATCTGTGTTTACCAA 136bp M36420

Antisense CACGGCTTTCTCTGCTCAATG

GAPDH

Sense TGCACCACCAACTGCTAGC 239bp BC087743

Antisense GATGCAGGGATGATGTTCTG
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Table 2

AMPA currents and electrophysiological properties of multipolar-type neurons

AMPA currents (pA) Rm (MΩ) Capacitance (pF) Rs (MΩ)

Control 131.9 ± 8.6 2089 ± 376 39.6 ± 2.7 22.9 ± 1.3

TGFα 68.0 ± 7.2** 2070 ± 266 36.1 ± 3.5 20.4 ± 0.9

TGFα + PD 130.4 ± 17.3a 1900 ± 231 38.9 ± 3.2 23.7 ± 1.5

PD alone 120.3 ± 13.7 1972 ± 342 35.6 ± 3.9 21.2 ± 0.8

BDNF 357.0 ± 98.5* 943 ± 89** 65.2 ± 5.5** 19.0 ± 1.0

BDNF + TGFα 121.3 ± 24.9b 1445 ± 308 60.9 ± 4.9** 22.0 ± 1.6

We analyzed electrophysiological properties of the cortical neurons (8–9 DIV) as described in Figs. 6 and 8. AMPA (100 μM) was locally applied
to cell bodies of multipolar neurons by air pressure. Peak AMPA currents (pA) mean ± SE (n = 12 for each group). In parallel, passive properties of
membrane resistance (Rm), capacitance and series resistance (Rs) were determined with hyperpolarizing voltage steps (see details in Experimental
methods). PD: PD153035.

a
Comparisons were done: vs. TGFα (P < 0.05).

b
Comparisons were done: vs. BDNF (P < 0.05).

*
Comparisons were done: vs. control (P < 0.05).

**
Comparisons were done: vs. control (P < 0.01).
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