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Glutamate receptor-mediated neuronal differentiation in
embryonic stem cells
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Abstract

We cultured a P19 mouse teratocarcinoma
cell line and induced its neuronal
differentiation to study the function of
ionotropic glutamate receptorsin early
neuronal development. Immunocytochemical
studies showed 85% neuronal population at 5
DIV with microtubule-associated protein 2-
positive staining. Cells expressing the a-
amino-3-hydroxy-5-methyl-4-isopropinonate
(AMPA) receptor subunit, GIuR2/3, and the
kainate receptor subunit, GIuR5/6/7, were
30% and 50%, respectively. In Western blot
analysis, the temporal expression of GIuR2/3
began to appear at 3 DIV, whereas GIuR5/6/7
was already expressed in the undifferentiated
cells. P19-derived neurons began to respond
to glutamate, AMPA, and kainate, but not to
the metabotropic glutamate receptor agonist,
trans-1-aminocyclopentane-1,3-decarboxylic
acid (trans-ACPD), by 5 DIV in terms of
increases in intracellular calcium and
phospholipase C-mediated poly-phospho-
inositide turnover. Furthermore, kainic acid
reduced cell death of P19-derived neuronsin
both atmospheric and hypobaric conditionsin
a phospholipase C-dependent manner. The
AMPA /kainate receptor common antagonist,
CNQX, but not the AMPA receptor
antagonist, NBQX, profoundly increased
hypobaric insult-induced neurotoxicity. In a
flow cytometry study, the nerve growth
factor-mediated anti-apoptotic effect was
facilitated by AMPA, with an induction of
TrkA, but not p75" TR expression. Lastly,
phosphorylation of GAP-43, which is
involved in neuritogenesis during
neurogenesis, was reduced by AMPA



receptor antagonist GY K| 52466. Therefore
AMPA and kainate receptors might mediate
neurotrophic functions to facilitate
neurotrophic factor signaling to protect
neurons against hypoxic insult in early
neuronal development. (Part of thiswork is
accepted by Journal of Biomedical Science on
Oct. 7, 2002., and another part will be
submitted to Developmental Biology)
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Excitatory neurotransmission in the
mammalian central nervous system is
mainly mediated by glutamate receptors
(GluRs). GluRs are divided into two distinct
categories, called metabotropic and
ionotropic GIuRs (for areview see
Monaghan et al., 1989). Metabotropic
GluRs are coupled to G-protein and
mediate phospholipase C activity or
regulate adenylate cyclase activity.
lonotropic GluRs are further divided into
three subtypes based on their agonist
gpecificities, namely a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionate (AMPA),
kainate, and N-methyl-D-aspartate (NMDA)
receptors. In neonatal brain, AMPA/KA
receptors and the NMDA receptor display
sequential participation in neuronal
excitation (Ben-Ari, 1997). EAA receptors
are believed to play important roles in
neural development, i.e., underactivation
can retard or disrupt normal development,
whereas overexcitation can lead to neuronal
injury and destruction (McDonald, 1990).
AMPA/KA receptors were found on the
membranes of proliferating ventricular zone
cells as well as in cortical neuroepithelia
cells undergo neurogenesis (LoTurco et al.,
1995; Maric et al., 2000). After mitosis
and during migration out of the ventricular
zone, immature migrating neurons begin to

express the NMDA receptor (LoTurcoet d.,
1991). Later on after synaptogenesis,
MGIuURs are expressed at a transient level
(Aronicaet al., 1993). The early
appearance of AMPA/KA receptorsin the
developing brain implies that they may play
important roles in neuronal differentiation.
There has been ample evidence suggesting
that glutamate receptors may mediate
activity-dependent neurotrophic activities,
such as neuronal survival and neurite
outgrowth for neuronal plasticity and injury
repair in both developing brain aswell asin
injured peripheral neurons (Lee et a., 2000;
Wilson et a., 2000; Tabernero et a., 2002).
Glutamate receptor-mediated intracellular
calcium increase through extracellular
calcium entry or release of intracellular
calcium storage, as well as glutamate
receptor-induced expression and activation
of neurotrophin receptors were reported to
be the possible mechanisms involved in
these neurotrophic activities

Neurons differentiated from pluripotent
teratocarcinoma cell lines, such as the
mouse teratocarcinoma cell line P19 and the
human teratocarcinoma cell line NT2, have
been shown to functionally express all
subtypes of glutamate receptors and to
exert typical responses upon glutamate
stimulation, such as glutamate-evoked
synaptic potential and elevation of
intracellular calcium (Younkin et al., 1993;
Magnuson et al., 1995; Canzoniero et al .,
1996). Most of these studies used |ate-
developing P19 neurons to match their
behavior with mature central neurons.
However, how neurons respond to
glutamate in early neurogenesisis
unknown.

In this article, we examined the
temporal expression of AMPA and KA
receptors in P19 cells during neurogenesis,
and their possible roles in neuronal
development, with special focus on
neuronal survival and neurite growth-



associated protein phosphorylation. The
signaling mechanism responsible for their
neuroprotective activity was aso examined.
=250 dH(5-8B2 5% %)
Modified culture conditions produce more
than 80% neurons in P19-differentiated
cells

Application of RA resulted in
differentiation of P19 cells into neuron-like
cells (Fig. 1A). However, to enrich the
neuronal population in the culture, we used
serum-free Neurobasal medium combined
with N2 and B27 supplements to
consistently obtain high populations of
neurons without including cytosine
arabinoside in the culture.
I mmunocytochemistry using the neuronal
marker anti-MAP-2 antibody and the
astroglial marker anti-GFAP antibody
revealed that both neural cell types could be
derived, with more than 80% neurons and
approximately 15%-20% astroglia (Fig. 1B).

Functional glutamate receptors are
expressed with differential temporal
patterns

To examine whether P19-derived
neurons express glutamate receptors similar
to central neurons, we immunostained the
neurons to identify the population of the
AMPA receptor- and the KA receptor-
positive neurons in P19 neurons at 3 and 5
DIV. Figure 2A shows that at both 3 and
5 DIV of P19-derived neurons, the
immunoreactivity of the KA receptor
subunit, GIUR5/6/7, was significantly higher
than that of the AMPA receptor subunit,
GluR2/3. Percentage of GIuR5/6/7-
positive and GIuR2/3-positive neurons were
approximately 50% and 30%, respectively.
Furthermore, crude membrane fractions of
P19 neurons at 3, 5, 7, and 11 DIV were
subjected to Western blot analysis for
temporal expression profiles of the AMPA
and KA receptors. Figure 2B shows that
the AMPA receptor subunit GIuR2/3 began
to appear at 3 DIV and increased toward
maturation (11 DIV). On the other hand,

the KA receptor subunit GIuR5/6/7 had
already begun to appear in undifferentiated
P19 cells. The expression level of
GluR5/6/7 dropped during RA induction,
then was re-elevated after 3 DIV.

Expression levels of glutamate receptors
coincided with their functional

characterization, in which the response of
P19 neurons to EAA agonists at 50 mM in
terms of intracellular calcium increase, a
common feature of glutamate receptor
activation, appeared after 3 DIV and
gradually increase toward maturation (Fig.
2C). Lastly, KA increased phospholipase
C-mediated poly-PI turnover in 5 DIV P19-
derived neurons (Fig. 2D), similar to the
response of primary cultured cortical

neurons during early daysin vitro (Leeet d.,
1994). However, the mGIuR agonist,
trans-ACPD, failed to increase poly-Pl
turnover, coinciding with its lack of a
calcium response, suggesting that excitatory
MGIUR is not expressed at this early stage
of developing neurons.

Neuroprotective effect of the KA receptor
against hypobaric insult in P19 neurons
Roles of glutamate receptorsin P19-
derived neurons at stages later than 10 DIV
have been demonstrated by their
excitotoxic effects in other studies.
However, in our study, P19 neurons at 7
DIV subjected to high concentrations of
kainate of up to 1 mM, a neurotoxic
concentration to adult central neurons, had
negligible cell damage as determined by
LDH release assay (Fig 3A). We further
challenged P19 neurons with a hypobaric
atmosphere (HBA) down to 200 mmHg for
a brief 2 min. Under this condition, P19
neurons showed a significant increase in
L DH release, which was reduced by kainate
at the concentration range of 1-100 nM.
Furthermore, the AMPA/KA receptor
antagonist, CNQX, but not the AMPA
receptor antagonist, NBQX, significantly
increased susceptibility of P19 neurons to
hypobaric insult (Fig. 3B). A similar



phenomenon was observed in primary
cultured cortical neurons during early days
invitro (3 DIV). The phospholipase C
inhibitor, U73122, reversed the kainate-
reduced LDH release in P19 neurons,
although U73122 by itself reduced LDH
release (Fig. 3C). Taken together, these
results suggest that the KA receptor may
play an important role in protecting
developing neurons against hypoxic insult,
and the mechanism underlying KA
receptor-mediated PL C signaling could be
involved in KA receptor-mediated
neuroprotection.

AMPA/KA receptors facilitate NGF-
mediated anti-apoptotic activity via
induction of TrkA expression and alter
induce Bcl-2 expression

We further examined the
neuroprotective activity of AMPA/KA
receptors by flow cytometry analysis.
Figure 4A shows that glutamate, AMPA, or
KA by themselves did not alter the
percentage of 5 DIV P19 cells at the sub G1
phase, which represents apoptotic DNA.
However, when NGF at 100 ng/ml was
applied to P19 neurons, the percentage of
cells at the sub G1 phase was significantly
reduced from approximately 30% to 12%
when neurons were pretreated with EAAS
(Fig. 4B, C). Western blot analysis
showed that glutamate, AMPA, and KA,
but not NMDA or transACPD,
significantly increased the expression of the
high-affinity NGF receptor TrkA, whereas
that of the low-affinity NGF receptor,
p75"R, was not increased by glutamate (Fig.
5). These results suggest that AMPA/KA
receptors may facilitate the NGF-mediated
anti-apoptotic effect by increasing TrkA
expression of surviving neurons for
development.

In our hypothesis, we proposed that
glutamate receptors may exert their
neurotrophic function via regulating
apoptotic gene expressions. Here we
examined if the apoptotic gene bax and

antiapoptotic gene Bcl-2 are altered upon
EAA receptor activation. Figure 6 shows
that KA and AMPA significantly increase
Bax expression, whereas only KA
significantly increase Bcl2 expression.
This preliminary result suggest that AMPA
and KA receptors may be responsible for
natural occurring cell death during neuronal
development, and the KA receptor may also
trigger a protective effect to maintain
neuronal survival.

Expression of Growth-Associated Protein
GAP-43 is reduced by AMPA/KA receptor
antagonist in P19 neurons

Expression of GAP-43 is known to play
pivotal role in neurogenesis. Application of
AMPA/KA receptor antagonist GY K| 52466
to P19 neurons throughout the neural
induction process was performed to
investigate the role of glutamate receptorsin
GAP-43 expression. Figure 7 showed that
expression of GAP-43 was not apparent until
3 DIV, reached highest expression at 5 DIV,
and declined at 7 DIV. When protein kinase
C inhibitor Ro 318220 was present in culture
from O DRA to 5 DIV and 7 DIV, expression
of GAP-43 became higher at 5 DIV but not at
7 DIV. Application of AMPA receptor
antagonist GY K152466 in culture also increase
GAP-43 expression, but reduced its
phosphorylation suggesting that blockade of
AMPA/KA receptor activities during neuronal
differentiation may indeed reduced functional
GAP-43 and in turn hampered or disrupted
Neurogenesis process.
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Figure 1. Differentiation of P19 cells into
neurons. (A) Phase contrast
photomicrographs show the
undifferentiated P19 cells started to form
aggregates during retinoic acid treatment
(DRA). Four days after retinoic acid
treatment, aggregates were dissociated and
plated onto poly-L-lysine-coated plates, and
started to form neuron-like cells as shown
in1DIV and 7 DIV. (B) P19 cellsat 7
DIV were immunostained with neuron
marker MAP-2 and astroglial marker GFAP.
Bar = 80mm.
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Figure 2. Expression and basic functional
characteristics of EAA receptors in P19-
derived neurons. (A) Immunocytochemical
staining of P19-derived neurons at 3 and 5
DIV with anti-GluR2,3 antibody for the
AMPA receptor and anti-GluR5,6,7 antibody
for the KA receptor. Bar = 80mm. (B)
Temporal expression profile of GluR2,3 and
GIuR5,6,7 during neurogenesis in western blot
analysis using crude membrane fraction of
P19 cells. (C) EAA agonist-stimulated
intracellular calcium increase in P19-derived
neurons at 3, 5, and 7 DIV. (D) KA and
trans-A CPD-stimulated poly-PI turnover in 7
DIV P19 neurons. Data represents means +
S.E.M. (n=4) *p<0.05 as compared with the
respective P19 cells.
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Figure 3. KA attenuates hypobaric insult-
induced cell death in P19-derived neurons.
(A) P19 neurons at 7 DIV were subjected to
200 mmHg hypobaric atmosphere (HBA) for
2 min, and the culture medium was subjected
to LDH activity assay. KA at concentration
of 0 to 1000 nM was applied to the P19
neurons 30 min prior to the atmospheric
(ATM, closed circle) or HBA (open circle)
conditions. Datarepresents means £ S.E.M.
(n=4) *F0.05 as compared with the
respective concentration of KA-treated group
under ATM by unpaired t-test. (B)
AMPA/KA receptor antagonists CNQX and
NBQX at 0.5 mM were applied to 7 DIV P19

neurons and 3 DIV cortical neurons 10 min
prior to HBA. Data represents means + S.E.M.
** [<0.01 as compared with the other two
groups by one-way ANOV A with Newman-
Keuls multiple comparison posttest. (C)
PLC inhibitor U73122 at 20 M was applied
to 7 DIV P19 neurons for 30 min, followed by
5 min treatment of 0.5mM KA. LDH release
assay was performed 24 hrs after the
treatment. Data represents means + S.E.M.
(n=4) * X0.05 as compared with the control;
and "p<0.05 as compared with the KA-treated
group by unpaired t-test.
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Figure 4. Flow cytometry analysis of
apoptosis of P19-derived neurons. P19-
derived neurons at 5 DIV were subjected to
50 mM EAA agonists treatment for 30 min (A),
or followed by 100 ng/ml NGF treatment for
24 hrs (B and C). Percentage of cells at sub
G1, GO0/G1, and S,G2/M phases were as
indicated.
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Figure 5. Effect of EAA on Bcl-2 and Bax
expressions in P19 neurons.

10

P19
200 400
3007 Glu
0—.
300 4 AMPA
]
-1 5, G2M
l GONG1
4 SubG1
0 200 400



Q

SO )

~ L & O
SF F& &7

P75NTR s e

w

Ratio to the control

Figure 6. Effect of EAA agonists on TrkA and
p75 expressions in P19 neurons. P19-

derived neurons at 5 DIV were subjected to
50 0OM EAA agonist stimulation for 30 min,

and crude membrane fraction was western
blotted for TrkA and p75"'". Representative
blot results (A) and quantitative analysis of
relative band density (B) were shown. Data
represents means+ S.E.M. (n=3) * /X<0.05 as
compared with the other four groups by one-
way ANOV A with Newman-Keuls multiple
comparison posttest.
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Figure 7. Expression of GAP-43 and
PKCI: PKC inhibitor Ro 318220 immunoprecipitation of GAP-43 and Western
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Blotted with anti-phosphoserine for GAP
phosphorylation in P19 neurons.
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