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SUMMARY

While primary nenronal cell cultures have been used to
investigate excitotoxicity, development of cell lines ex-
hibiting glutamate receptor-mediated death is desirable.
P19 mouse embryonal carcinoma cells, exposed to reti-
noic acid and plated onto a layer of cultured mouse corti-
cal glial cells, differentiated into neuron-like elements
immunoreactive for neurofilaments and neuron-specific
enolase. Whole-cell recordings revealed inward currents
in response to extracellular application of either NMDA
or kainate. The NMDA-induced currents exhibited a
voltage-dependent blockade by magnesium, required gly-
cine for maximal activation, and were blocked by the
NMDA antagonist dizocilpine. Kainate-induced currents

were blocked by the AMPA /kainate receptor antagonist
CNQX. Exposure to 500 uM NMDA for 24 h destroyed
most P19 cells (EC,, approximately 70 uM); death was
prevented by dizocilpine or D-APV. Exposure to S00 uM
kainate also resulted in widespread death reduced by
CNQX. Thus differentiated P19 cells exhibited both ex-
citatory amino acid responses and vulnerability to excito-
toxicity, characteristic of CNS neurons. These cells may
provide a genetically open system useful for studying glu-
tamate receptor-mediated phenomena at a molecular
level. © 1993 John Wiley & Sons, Inc.
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INTRODUCTION

Glutamate is the major excitatory neurotransmit-
ter of the mammalian central nervous system. Ex-
cessive exposure to glutamate can kill central neu-
rons (Lucas and Newhouse, 1957; Olney, 1969)
and such neurotoxicity, or “excitotoxicity,” likely
contributes to the neuronal loss associated with sev-
eral neurological diseases. These include stroke,
trauma, hypoglycemia, and epilepsy, and may pos-
sibly include certain neurodegenerative diseases
(Meldrum, 1985; Rothman and Olney, 1987;
Choi, 1988).

The potential clinical significance of glutamate
neurotoxicity has encouraged efforts to delineate
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underlying mechanisms. Study of these mecha-
nisms ix vivo has been hampered by the complexity
of the intact nervous system as well as by the wide-
spread existence of cellular glutamate uptake. In
order to avoid these complicating factors much of
the work on excitotoxicity has been carried out in
several in vitro systems, including dissociated pri-
mary neuronal cultures (Choi, 1985; Choi, Mau-
lucci-Gedde, and Kriegstein, 1987; Rothman,
1985; Rothman, Thurston and Hauhart, 1987;
Garthwaite and Garthwaite, 1986a; Hahn, Aizen-
man, and Lipton, 1988; Ogura, Miyamoto, and
Kudo, 1988; Marcoux et al., 1988; Maneyv et al.,
1989; Frandsen, Drejer, and Schousboe, 1989),
acute brain slice preparations (Garthwaite and
Garthwaite, 1986b; Eliren and L.ehmann, 1989),
and isolated retina (Olney et al., 1986). These and
other in vitro studies have supported the idea that
glutamate neurotoxicity is triggered by the activa-
tion of membrane cation channels gated by N-
methyl-D-aspartate (NMDA) or alpha-amino-3 -
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hydroxy - 5 - methyl - 4 - isoxazolepropionic acid
(AMPA)/kainate type glutamate receptors (Wat-
kins and Olverman, 1987; Watkins, Krogsgaard-
Larson, and Honore, 1990), leading to Ca?* influx
and a resultant cell Ca** overload (Choi, 1992).
However, the difficulty of manipulating the genetic
composition of postmitotic neurons has been an
important experimental limitation. This limitation
might be overcome in a neuronal cell line, if one
could be identified that expressed ion channel-
linked glutamate receptors and exhibited gluta-
mate toxicity analogous to that observed in neu-
rons.

Although glutamate at high concentrations has
been previously found to be toxic to several cell
lines, such toxicity has fundamental differences
from glutamate toxicity on primary neurons.
Murphy et al. (1989) observed that exposure to
millimolar concentrations of glutamate can de-
stroy N18-RE-105 neuroblastoma-primary retina
hybrid cells, but unlike primary neurons, N18-RE-
105 cells were not injured by exposure to the selec-
tive glutamate receptor agonists NMDA, kainate,
or AMPA. Since cell death was proportional to inhi-
bition of cystine uptake via a cystine/glutamate
antiporter, Murphy and colleagues proposed that
death resulted from cellular cystine deprivation,
leading to glutathione depletion, and vulnerability
to free radicals. More recently, Chovanes et al.
{1993) have proposed that metabotropic gluta-
mate receptors may play a role in glutamate-in-
duced injury of N18-RE-105 cells, as well as in the
injury of NH2 cells (N18TG-2 neuroblastoma-
mouse hypothalamic hybrid cells).

Prolonged exposure to millimolar concentra-
tions of glutamate has been also reported to kill a
neuronal cell line derived from rat cerebellum,
SC9, but this cytotoxicity, unlike glutamate neuro-
toxicity in primary cortical culture (Choi et al.,
1987), requires the presence of extracellular gluta-
mine (Simantov, 1989). At low glutamine concen-
trations, glutamate actually had a growth-promot-
ing effect; furthermore the NMDA receptor ago-
nist, aspartate, was not toXic even at a
concentration of 6.25 m M and an exposure dura-
tion of 4 days. Another line, NCB-20 mouse neuro-
blastoma-Chinese hamster brain hybrid cells, has
been reported to have mRNA capable of inducing
functional NMDA receptors in oocytes, but have
not been found to themselves express functional
NMDA receptors (Lerma, Kushner, Spray, Ben-
nett, and Zukin, 1989), or exhibit NMDA-in-
duced cytotoxicity (unpublished observations).

One cell line with potential for exhibiting gluta-
mate receptor-mediated death was the P19 em-
bryonal carcinoma line, a pluripotent line derived
from ateratocarcinoma in C3H/He mice (McBur-
ney and Rogers, 1982). This euploid line is main-
tained as undifferentiated cells, but upon treat-
ment with high doses of retinoic acid differentiates
into neurons, astrocytes, and fibroblast-like cells
{Jones-Villeneuve, McBurney, Rogers and Kal-
nins, 1982). Conversely, induction with either di-
methyl sulfoxide or low doses of retinoic acid re-
sults in the formation of cardiac and skeletal mus-
cle (McBurney, Jones-Villeneuve, Edwards, and
Anderson, 1982). The ability of P19 cells to gener-
ate a range of cell phenotypes has made them a
valuable system for studying the early events that
subserve cellular commitment and terminal differ-
entiation. P19-derived neurons extend processes
typical of axons and dendrites at the EM level
(McBurney et al., 1988). They are immunoreac-
tive for neuron-specific markers, such as the 68
and 160 kD neurofilament proteins, as well as
markers suggestive of neuronal maturity, such as
neuron-specific enolase (McBurney et al., 1988;
Sharma and Notter, 1988). Well-developed chemi-
cal synapses have been observed by EM, and bio-
synthetic enzymes for cholinergic and adrenergic
neurotransmitter pathways have been described
(Sharma and Notter, 1988; McBurney et al.,
1988). P19 neuron-like cells exhibit high-affinity
GABA uptake (Bell, Jardine, and McBurney,
1986; McBurney et al., 1988), and have mRNA
for glutamic acid decarboxylase (GAD) (Bain et
al., 1993), although GAD activity has not been
found.

The goal of the present study was to examine the
specific possibility that P19-derived-neurons might
express ion channel-linked glutamate receptors
and test whether the cells could be killed by expo-
sure to NMDA or kainate. An abstract has ap-
peared (Turetsky et al., 1992).

Methods

Cell Culture

P19 cells were obtained from the American Type Cul-
ture Collection. Undifferentiated P19 cells were main-
tained in alpha minimal essential medium ( MEM ) sup-
plemented with 10% fetal bovine serum (FBS). For dif-
ferentiation, near-confluent cultures were trypsinized
and dissociated to single cells. 1 X 106 cells were then
suspended in 10 ml alpha-MEM, containing 5% FBS and



500 n M retinoic acid, and seeded onto a 10-cm bacterio-
logical culture dish. The cells do not adhere to the plastic
and form large aggregates in suspension. Cells were fed
after 2 days by transferring the suspension to a 15-ml
tube, allowing the aggregates to settle, and replacing the
old medium with fresh medium containing retinoic acid.
After the fourth day of retinoic acid treatment, aggre-
gates were trypsinized, dissociated, resuspended in al-
pha-MEM + 10% FBS, and plated onto confluent pri-
mary glial cultures at a density of approximately 3.6
X 10°¢ cells per 24-well plate. For electrophysiology ex-
periments, cells were plated at 0.38 X 10° per 35-mm
dish. On the second day after plating, cells were switched
to Eagle’s MEM (Earle’s salts) supplemented with 20
m M glucose, 5% FBS, and 5% horse serum ( plating me-
dium), and cytosine arabinoside (Ara-C, final concen-
tration 20 uM ) was added to inhibit division of nonneur-
onal cells; the Ara-C was removed 2 days later by feeding
cultures with plating medium. Cultures were subse-
quently maintained in this medium, and fed every 2-3
days. Toxicity experiments were performed between
days 5 and 12 after the final plating.

For some physiology experiments, differentiated P19
cells were plated directly onto culture dishes, without a
primary glial feeder layer. These were plated at 0.75
X 108 cells per 35-mm dish, and were inhibited on days
2-5, when the self-generated glial monolayer ap-
proached confluency. Cultures were exposed to Ara-C
for 24 h, and were then switched to low-glucose Dul-
becco’s MEM containing 10% horse serum, for mainte-
nance. Otherwise, culture procedures were identical.
Electrophysiology experiments were performed on dif-
ferentiated neuron-like P19 cells plated both with and
without a primary glial feeder layer, with similar results.

Primary glial cultures were generated from postnatal
days 1-3 rodents. For rat cultures, neocortices were dis-
sociated and plated in Eagle’s MEM supplemented with
20 m M glucose, 10% FBS, and 10% horse serum, at a
density of 1 hemisphere per 24-well plate (Falcon, Pri-
meria). Glial monolayers were used after 2-4 weeks in
vitro, and were not fed prior to the addition of P19 cells.
Mouse glia were prepared as above, except that they were
plated at a lower density (0.5 hemispheres/24-well
plate), in plating medium additionally containing 10
ng/ml epidermal growth factor.

Electrophysiology

Boralex pipettes were coated with Sylgard, fire-polished,
and filled with 140 m M CsCH,SO;, 5 mM CsCl, 10 mM
EGTA, and 10 mA Hepes, pH adjusted to 7.4 with
CsOH. The culture dish was perfused at a rate of 1-2
ml/min with Tyrode’s solution: 150 mM NaCl, 4 mM
KCl, 2 mM CaCl,, 2 mM MgCl,, 10 m M glucose, and
10 mM Hepes, pH adjusted to 7.4 with NaOH. Excit-
atory amino acids were dissolved in 160 NaCl, 2 mM
CaCl,, 10 m M Hepes, pH adjusted to 7.4 with NaOH. In
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addition, 1 mM MgCl, and 10 wui dizocilpine were
added for experiments on AMPA /kainate receptors.
Control and agonist solutions were applied to the cells by
local perfusion from a linear array of microcapillaries (2
ul Drummond microcaps). The external solution was
exchanged with a time constant of 30-50 ms. Whole-cell
and single-channel currents were recorded with an Axo-
patch 200 amplifier, filtered at 1-2 KHz (-3 db, 4 pole
Bessel), and digitized at 5~10 kHz. For storage and off-
line analysis, digitized whole-cell currents were com-
pressed by averaging 3 ms of data at 0.1- to 1-s intervals.
Membrane potentials have been corrected for a junction
potential of —10 mV between the internal solution and
the Tyrode’s solution in which seals were formed.

immunocytochemistry

P19 cultures were fixed for 10 min with 4% paraformal-
dehyde in phosphate-buffered saline (PBS) and blocked
twice, for 30 min each time, in 10% normal goat serum
(NGS)in PBS. For the neuron-specific enolase or neuro-
filament antibodies, 0.25% Triton X-100 was included
in the blocking solution to permeabilize the cells. Cul-
tures were incubated in primary antibody for two h, at
room temperature. The rat monoclonal anti-Mé6 (cour-
tesy of C. Lagenaur) was used diluted 1:25 in 2% NGS in
PBS. Polyclonal anti-neurofilament 200 was diluted
1:200, and neuron-specific enolase antiserum 1:10, in
2% NGS, 0.25% Triton X-100 in PBS. Cells were then
incubated in biotinylated secondary antibodies (both
diluted 1:200) for 30 min, followed by 30 min in
avidin-biotin-peroxidase reagent (Vector). Staining
was visualized with the chromagen 3-amino-9-ethylcar-
bazole (AEC).

Excitatory Amino Acid Exposure and
Assessment of Injury

For toxicity experiments, cultures were washed three
times in MEM (with 20 m M glucose) to remove serum.
Excitatory amino acid agonists and/or antagonists were
then added to the bathing medium, and the cells were
returned to a 37°C, humidified 5% CO, incubator. For
experiments with NMDA, 10 uM glycine was added to
all conditions, including controls. Dizocilpine (10 uM)
was included in all kainate exposures to block potential
activation of NMDA receptors by endogenous glutamate
release.

Neuronal loss was assessed by direct counts of identi-
fied microscopic fields in sister cultures. A few hours
prior to toxicity experiments, cells were observed under
phase-contrast optics at 200X, and videomicrographs
were recorded using a charge-coupled device camera
(Javelin) and optical memory disk recorder (Pana-
sonic). For each 15-mm culture well, two separate 200X
fields were identified using an objective marker, and all
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neurons included in the videomicrograph were counted.
Care was taken to choose fields of similar density, with
evenly spread-out cells. Videomicrograph fields con-
tained an average of 35-40 cells (range: 15-70). Neuro-
nal death was assessed after 24 h of drug exposure by
relocating, rerecording, and recounting the original
fields. In several experiments, viability of the remaining
cells was confirmed by subsequent staining with 0.4%
trypan blue for 10 min.

Reagents

D-Aminophosophonovalerate (D-APV) was purchased
from Tocris Neuramin. 6-Cyano-7-nitroquinoxaline-
2,3-dione (CNQX), and dizocilpine (MK-801, Merck,
Sharp & Dohme) were obtained from Research Bio-
chemicals, Inc. Neuron-specific enolase antiserum was
supplied by Incstar. Most other drugs and antibodies
were obtained from Sigma.

RESULTS

P19/Glial Co-Culture System

Published P19 protocols involve plating retinoic
acid-treated aggregates (McBurney et al., 1988) or
dissociated cells (Levine and Flynn, 1986) directly
onto plastic dishes or coated glass coverslips. We
found this protocol produced large clusters of neu-
ron-like cells on a monolayer of flat cells, with rela-
tively few 1solated cells between the clusters. In ad-
dition to the difficulty of determining viable cell
number in the large clusters, we found that the cul-
tures had high levels of ongoing cell death, and
were extremely vulnerable to wash-induced dam-
age (not shown). To improve the viability and sta-
bility of differentiated P19 cells prior to toxic expo-
sure, we examined the feasibility of a glial co-cul-
ture system.

As previously described (McBurney et al.,
1988), undifferentiated P19 cells formed a con-
fluent monolayer mostly consisting of phase-dark,
polygonal cells [Fig. 1(A)]. After exposure to 500
nM retinoic acid for 4 days, the resulting aggre-
gates were mechanically and enzymatically disso-
ciated, and the cells were plated on either bare poly-
styrene or a previously established confluent mono-
layer of mouse cortical glia (>95% astrocytes). In
both culture conditions some cells began elaborat-
ing processes within the first 24 h after plating. P19
celis plated on mouse glial monolayers generated
approximately the same number of process-bear-
ing cells as sister cultures plated directly onto poly-

styrene, but those in the co-cultures were markedly
less prone to clustering, remaining mostly isolated
for the first few days, and thereafter migrating into
small clumps. These process-bearing cells exhib-
ited typical neuronal morphology under phase-
contrast optics [Fig. 1(B)], and were stained with
antibodies to both neuron-specific enolase [Fig.
1(E)] and the 200 kD neurofilament protein
[Fig. 1(D)].

In co-cultures, most of these neuron-like cells
remained viable for up to 12 days. Ongoing neuro-
nal loss was typically 10% per day between days 5
and 10. Since dead cells left little cellular debris on
the ghal monolayer, >95% of neuron-like cells
were viable (by trypan blue exclusion ) prior to use.
A few small, isolated islands of fibroblast-like cells
were also present in the mature co-cultures.

No neurons were present in primary glial cul-
tures prior to addition of P19 cells. To ensure that
neuron-like cells in the co-cultures were derived
exclusively from P19 cells, we plated some differ-
entiated P19 cells on rat, rather than on mouse,
glial monolayers and immunoperoxidase-stained
them for M6, a cell surface antigen specific for
mouse cells (Lund et al., 1985), present in CNS
neurons (Lagenaur et al., 1992}, and known to be
expressed by differentiated P19s (D. Gottlieb, un-
published observations). In co-cultures generated
from several differentiations and tested at various
ages between 6 and 12 days after plating, >90% of
neurons were M6 positive [Fig. 1 (C)]. Glial mono-
layers showed no reactivity with neurofilament-
200 or neuron-specific enolase antibodies.

Electrophysiology

Excitatory amino acids activated inward whole-
cell currents in nearly all P19 cells studied between
8 and 12 days after induction; uninduced cells
lacked such responses. NMDA (20 M) plus 300
nM glycine (Johnson and Ascher, 1987) evoked
currents in 26/29 cells (Fig. 2). Nearly complete
inhibition was achieved with 1 mM MgCl, (No-
wak et al., 1984; Mayer and Westbrook, 1985), the
competitive NMDA antagonist, 50 uM DL-APV
(Davies et al., 1981 ), or with the glycine site antag-
onist, 1 uM 5,7-dichlorokynurenic acid (Baron et
al., 1990; Leeson et al., 1991)[Fig. 2(A)]. Inseven
cells tested with 20 uM NMDA and 300 n M gly-
cine, 50 uM DL-APYV blocked 94 + 2% (S.E.M.) of
the current, 5,7-dichlorokynurenic acid inhibited
94% + 3% of the current, and MgCl, produced 97%
+ 2% block at holding potentials of —80 to —90
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Figure 1 Neuronal differentiation of P19 cells after retinoic acid treatment. (A) Phase-con-
trast photomicrograph of undifferentiated P19 cells. (B) Phase-contrast photomicrograph of
differentiated P19 cells ( phase-bright, process-bearing) plated on a glial monolayer. (C) Im-
munoperoxidase staining for M6, a mouse-specific central nervous system antigen. (D) Immu-
nostaining with polyclonal anti-NF-200. (E) Immunostaining for neuron specific enolase.
Original magnification 400X; scale bar = 50 um (A, C, D, E) or 66 um (B).
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Figure 2 Whole-cell and single-channel currents activated by NMDA in P19-derived neu-
rons. (A) NMDA (20 uM) and glycine (300 n M) were applied to the cell during the period
indicated by the open bar. The whole-cell current evoked by NMDA was blocked reversibly by
50 uM D,L-APV, by 1 uM 5,7-dichlorokynurenic acid, and by 1 m M MgCl,. (B) In a different
cell, 10 pM dizocilpine produced progressive, long-lasting block when applied together with 20
uM NMDA plus 300 nM glycine. Holding potential in (A and B), -90 mV. (C) Current-
voltage relations for whole-cell current activated by 20 pAf NMDA and 300 n M glycine in 1
mM Mg?* (circles) and 0 mM Mg?* (squares). (D) Single-channel currents activated by 20
uM NMDA and 300 n M glycine in an outside-out patch. Holding potential, —-90 mV. (E)Ina
different outside—out patch, current~voltage relation for unitary currents gated by NMDA plus
glycine. The straight line indicates a single channel conductance of 45 pS.

mV. Inhibition by Mg?* diminished with depolar-
ization, as shown by the current-voitage relations
recorded with zero or 1 mAM Mg?* added to the
agonist solution [Fig. 2(C)]. The trace in Figure
2(B) shows that whole-cell current evoked by
NMDA and glycine was blocked progressively by
the noncompetitive NMDA channel blocker, 10
uM dizocilpine (Wong et al., 1986). As is the case
with primary mammalian neurons (Huettner and
Bean, 1988), a brief wash with control solution
failed to remove the inhibition by dizocilpine.

In outside-out patches from four P19 neuron-
like cells, NMDA and glycine induced channel ac-
tivity with a predominant unitary conductance of

45 pS. Agonist-dependent openings of lower con-
ductance occurred with low frequency. Figure
2(D) shows five contiguous traces from an out-
side-out patch exposed to 20 uM NMDA and 300
n M glycine at a holding potential of —90 mV. The
current voltage relation for unitary events shown
in Figure 2(E) was constructed with data from a
different patch. Unitary current reversed near
zero mV, and the slope indicates a conductance of
45 pS.

Inward currents were also activated by kainate
(43/47 cells), glutamate (19/23 cells), and quis-
qualate (6/7 cells), all tested in the presence of 1
mM MgCl, and 10 M dizocilpine [Fig. 3(A,B)].
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Figure 3 Whole-cell currents evoked by kainate and
glutamate at non-NMDA receptors. (A) Kainate, 100
uM, was applied during the open bar. (B} In a different
cell, 100 M glutamate activated an initial transient
current and a sustained current. CNQX, at 5 uM (closed
bar), produced strong inhibition of the currents evoked
by kainate A and glutamate B. In both A and B, 10 uM
dizocilpine was included in the agonist and control solu-
tions to block NMDA receptor channels. Holding poten-
tial in (A and B), —90 mV. (C) Current-voltage rela-
tions for whole-cell currents evoked by 100 uM kainate
(squares) and 250 uM glutamate (circles) in two differ-
ent cells.
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In most cells, glutamate or quisqualate evoked an
initial peak of current, which desensitized to a
lower steady-state level (cf. Kiskin, Krishtal, and
Tsyndrenko, 1986) [Fig. 3(B)]. Current activated
by kainate did not desensitize in any of the cells
studied. The selective antagonist CNQX (Honore
et al., 1988), at 5 uM, blocked 96% + 1% of the
current evoked by 100 puM kainate in 17 cells.
When tested against 100 uM glutamate on seven
cells, 5 uM CNQX inhibited 75% = 4% of the
whole-cell current. Figure 3(C) shows typical
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current voltage relations for kainate and glutamate
recorded in two different cells. In all but one of 27
cells tested with kainate or glutamate the I-V rela-
tionship was nearly linear and reversed between —5
and +5 mV. The single exception was a cell that
showed strong inward rectification of current
evoked by 200 uM kainate.

In spite of the widespread expression of func-
tional NMDA and AMPA /kainate receptors,
there was little evidence for spontaneous excita-
tory synaptic transmission. Spontaneous inward
currents suggestive of excitatory synaptic activity
were observed in only two of 57 P19 neuron-like
cells.

Excitatory Amino Acid Neurotoxicity

A 24-h exposure to either NMDA or kainate re-
sulted in widespread loss of P19 neuron-like cells
(Fig. 4); no gross injury was apparent in the glial
monolayer by phase-contrast morphology or try-
pan blue exclusion. In most cases, cell debris stain-
ing with trypan blue remained behind after excit-
atory amino acid exposure, indicating that cell
death rather than simple detachment had oc-
curred.

NMDA exposure produced only limited cyto-
toxicity before the sixth day after plating (two ex-
periments, data not shown). Subsequently (7-11
days after plating), exposure to 500 uM NMDA
and 10 pM glycine resulted in an average loss of
92.9% of the cells (+3.0 S.E.M., n = 8 experiments,
3-5 cultures per experiment) [Fig. 4(A,C)]. In
contrast, exposure to sham wash conditions re-
sulted in 32.9% neuronal loss (2.1 S EM., n= 17
experiments ). NMDA toxicity was concentration-
dependent in the range of 10-300 uM, with half-
maximal toxicity around 70 uM (Fig. 5). NMDA
toxicity was completely blocked by 1 m M D-APV
or 10 uM dizocilpine [Fig. 4(C)].

Exposure to 500 uM kainate for 24 h resulted in
72.0% cell death (+4.9 S.E.M., n = 7 experiments,
3-5 cultures per experiment). Compared to
NMDA toxicity, the effect of kainate was less con-
sistently observed, with neuronal loss ranging be-
tween 44.7% and 82.3% (7 experiments ). The com-
petitive  AMPA /kainate receptor antagonist,
CNQX (200 uM) substantially reduced kainate
toxicity {Fig. 4(C)].

DISCUSSION

Whole-cell recordings revealed that induction of a
neuronal phenotype in P19 cells led to the expres-
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Figure 4 Excitatory amine acid-induced death of P19-derived neurons. (A, B) Morphologi-
cal damage produced by exposure to NMDA and kainate. Phase-contrast photomicrographs of
identified fields from sister cultures taken before (top) and after (bottom) 24-h exposure to 500
wM NMDA + 10 uM glycine (A), or 500 pM kainate (B). Scale bar = 100 pm. (C) Pharmacol-
ogy of NMDA and kainate induced toxicity. Cell loss after 24 h exposure to 500 pM NMDA
was reduced to baseline by inclusion of 10 uM dizocilpine (MK-801) or | mAM D-APV in the
bathing medium. Similarly, 200 zM CNQX attenuated the toxicity resulting from 24 h expo-
sure to 500 uM kainate. Values represent mean (+ S.E.M.) loss of P19-derived neurons deter-
mined by cell counts of marked 200X microscopic fields before and after the indicated expo-
sure (7 = S cultures, 2 fields per cuiture). This experiment is representative of more than 5



sion of both NMDA and AMPA /kainate receptors
similar to those described in other mammalian
central neurons. NMDA-evoked inward currents
were inhibited by both competitive and noncom-
petitive selective antagonists, exhibited voltage-de-
pendent blockade by Mg?* (Nowak et al., 1984;
Mayer and Westbrook, 1985), and demonstrated
progressive inhibition by the channel-blocking
drug dizocilpine (Huettner and Bean, 1988). In
outside-out patches from P19 cells, NMDA gated
single-channel openings with a unitary conduc-
tance of 45 pS, which is similar in magnitude to
native counterparts (Cull-Candy and Usowicz,
1989; Jahr and Stevens, 1987; Nowak et al., 1984).
Our preliminary experiments indicate that the
NMDA receptor channels are permeable to mono-
valent cations and Ca?* (J. Huettner, unpublished
observations). Furthermore, the currents activated
by kainate in P19 cells were similar in pharmacol-
ogy and desensitization kinetics to non-NMDA re-
sponses in central neurons (Kiskin et al., 1986;
Patneau and Mayer, 1991). In future work, it will
be important to determine which of the many glu-
tamate receptor subunits ( Nakanishi, 1992) are ex-
pressed by Pl19-derived neurons. The linear
current-voltage relationship observed in the pres-
ent study with AMPA /kainate receptor stimula-
tion is consistent with the widespread expression of
the edited form of the GluR2 (GluR-B) subunit
(Sommer et al., 1991). We have recently learned
that MacPherson and colleagues (1992) have also
observed depolarizing responses to glutamate in
differentiated P19 cells.

The finding that P19 cells expressed conven-
tional NMDA and non-NMDA receptors led us to
test whether prolonged exposure to excitatory
amino acids would be directly toxic. A 24-h expo-
sure to NMDA or kainate-induced cell death com-
parable to that seen in primary cortical cell cultures
under similar experimental conditions (Choi et al.,
1987; Koh and Choi, 1988). The minimum dura-
tion of exposure required to kill P19 cells was not
investigated systematically, but in preliminary ex-
periments, substantial death was also induced fol-
lowing a 1-h exposure to NMDA (D. Turetsky et
al., unpublished observations). The pharmacology
of excitotoxic injury of both P19 cells and cortical
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neurons suggests that the injury was likely me-
diated by ion channel-linked glutamate receptors.
However, the P19 cells were somewhat less vulnera-
ble: NMDA exposure destroyed virtually all P19
cells, but the toxic ECs, for NMDA on P19 cells
was about 70 uM, versus about 20 uM on cortical
neurons (Koh and Choi, 1988). Small differences
in glutamate receptor number or characteristics, or
in factors such as cell calcium handling or cellular
antioxidant defenses, could account for the lower
vulnerability of P19 cells to excitotoxic injury
compared to primary cortical neurons.

The glutamate receptor-mediated nature of ex-
citotoxicity observed in the present study on P19
cells thus differs from that previously described on
several other cell lines. As discussed above, gluta-
mate-induced injury of N18-RE-105 cells may be
mediated by inhibition of cystine uptake, leading
to reduced production of glutathione, and height-
ened vulnerability to free radical-induced injury
(Murphy et al., 1989). The general applicability of
this intriguing mechanism of excitotoxic injury re-
mains to be determined. In preliminary experi-
ments, we have found that cultured primary corti-
cal neurons tolerate removal of extracellular cys-
tine for 24-48 h without gross injury (Rose, Liu,
and Choi, 1992).

It will be interesting to determine if other cell
lines can be differentiated to neuron-like cells ex-
pressing functional ionotropic glutamate recep-
tors. A recent independent study by Younkin et al.
(1993 ) reports that NTera2 human embryonal car-
cinoma cells exposed to retinoic acid treatment
also express glutamate receptors and vulnerability
to excitotoxicity. Future comparison of glutamate
receptor behavior and excitotoxicity on NTera2
and P19 neuron-like cells may yield insights into
some basic principles governing glutamate recep-
tor expression and function. From a practical
standpoint, the shorter processing time (10 days)
required to generate P19 neuron-like cells, com-
pared to that required to generated NTera2 neu-
ron-like cells (10 weeks, Pleasure, Page, and Lee,
1992; Younkin et al., 1993), may provide an exper-
imental advantage.

We found that plating P19 cells on a previously
established feeder layer of cortical glia enhanced

similar experiments. * indicates significant difference from corresponding sham wash condi-
tion; + indicates significant difference from corresponding agonist alone exposure condition,
at p < 0.01 by two-tailed ¢ test with Bonferroni correction. Dizocilpine (10 uAf) was included
in (B) and in the right part of (C) to block nonspecific activation of NMDA receptors.
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Figure 5 Concentration-dependence of NMDA toxic-
ity. Differentiated P19 cultures were exposed to sham
wash or to NMDA at the indicated concentrations for 24
h. Glycine (10 uM) was included in all conditions, Val-
ues represent mean (= S.E.M.) loss of P19-derived neu-
rons, determined as described in legend to Figure 4 (n
= 8 cultures, 2 fields per culture). * indicates significant
difference from sham wash condition, at p < 0.01 by
ANOVA and Student-Newman-Keul’s test.

neuronal survival and the morphological assess-
ment of cell death. We recognize that the presence
of two distinct cell types may complicate subse-
quent neurochemical or molecular studies which
require a purified cell population, and we are work-
ing to see if the benefit associated with co-culture
can be achieved by other means. Another goal is to
reduce the cell damage associated with sham wash,
which sometimes reached 30%-40% of the total
population. Approximately 50% of this cell loss
could be prevented by including serum (5% fetal
bovine and 5% horse) in the incubation medium
(D. Turetsky et al., unpublished observations).
The P19 cell line is an attractive system for
studying glutamate receptor-mediated behavior for
several reasons. First, as discussed above, retinoic
acid treatment induces multiple features of mature
neurons. Second, undifferentiated P19 cells have a
rapid doubling time (18 h), allowing ease of ge-
netic manipulation. In general, rapid generation
time in cell lines is rarely accompanied by the es-
tablishment of a stable, mature neuronal pheno-
type. Neuroblastomas and some retrovirally trans-
formed lines fall at one end of the spectrum, with
short doubling times, but a lack of mature, termi-
nally differentiated neurons. On the other hand,
the human megalencephaly-derived line, HCN-1,

is an example of a cell line which has extensive
neuronal differentiation, but also a long doubling
time of 72 h (Ronnett et al., 1990). Finally, P19
cells are readily transfectable. They have been suc-
cessfully used to explore the effects of gene overex-
pression [e.g., amyloid protein precursor ( Yoshi-
kawa, Aizawa, and Hayashi, 1992)], and anti-
sense inhibition [e.g., MAP2 (Dinsmore and
Solomon, 1991)] on neuronal differentiation and
viability. As long as adequate caution is exercised
in extrapolating results to other neuronal systems,
the P19s should prove a valuable experimental
tool.

Our finding that most of the P19 cells in our
cultures express glutamate receptors contributes to
the emerging picture of P19 neuronal differentia-
tion pathways. It is interesting to note that key dif-
ferences in neurochemical phenotype have been
reported by different investigators. Sharma and
Notter (1988) observed norepinephrine reuptake
and catecholamine synthetic enzyme immunoreac-
tivity in 70% of P19 neurons, but not choline ace-
tyltransferase reactivity. McBurney and colleagues
{(McBurney et al., 1988; Jones-Villeneuve et al.,
McBurney, 1983) found choline acetyltransferase
and AChE activity, but not catecholamine synthe-
sis. It is possible that differences in transmitter phe-
notype reflect differences in the inductive effect of
particular culture microenvironments; an alterna-
tive explanation might be a genetic change in the
subclones of P19 cells utilized in different studies.
It is likely that retinoic acid treatment activates ge-
netic regulatory pathways in P19 cells that are nor-
mally activated in neurons of the developing CNS.
One possibility is that retinoic acid broadly acti-
vates multiple neuronal genes. A second, more in-
triguing possibility is that retinoic acid exerts its
action through a specific “master gene” whose nor-
mal function is to coordinate expression of pheno-
types characteristic of central neuronal differentia-
tion pathways. Further studies are necessary to dis-
tinguish between these possibilities.

The P19 embryonal carcinoma line provides an
easily manipulated system that may offer advan-
tages for the study of glutamate receptor-mediated
neurotoxicity. In particular, the ability to up-regu-
late or down-regulate selected proteins in this genet-
ically open system may facilitate investigation into
the molecular mechanisms underlying excitotox-
icity.
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