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Acute administration of a single dose of NMDA on embryonic
day (E) 7 or later induces a marked excitotoxic injury in the
chick spinal cord, including massive necrotic motoneuron (MN)
death. When the same treatment was performed before E7,
little, if any, excitotoxic response was observed. Chronic treat-
ment with NMDA starting on E5 prevents the excitotoxic re-
sponse produced by a later “acute” administration of NMDA.
Additionally, chronic NMDA treatment also prevents the later
excitotoxic injury induced by non-NMDA glutamate receptor
agonists, such as kainate or AMPA. Chronic NMDA treatment
also reduces normal MN death when treatment is maintained
during the period of naturally occurring programmed cell death
(PCD) of MNs and rescues MNs from PCD induced by early
peripheral target deprivation. The trophic action of chronic
NMDA treatment appears to involve a downregulation of gluta-

mate receptors as shown by both a reduction in the obligatory
NR1 subunit protein of the NMDA receptor and a decrease in
the kainate-induced Co21 uptake in MNs. Both tolerance to
excitotoxicity and trophic effects of chronic NMDA treatment
are prevented by the NMDA receptor antagonist MK-801. Ad-
ditionally, administration of MK-801 alone results in an increase
in MN PCD. These data indicate for the first time that early
activation of NMDA receptors in developing avian MNs in vivo
has a trophic, survival-promoting effect, inhibiting PCD by a
target-independent mechanism that involves NMDA receptor
downregulation.
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During the last two decades, programmed cell death (PCD) has
been extensively recognized as a key feature of normal develop-
ment of the nervous system. The pioneering studies of Viktor
Hamburger and Rita Levi-Montalcini in the chick embryo have
been substantiated by more recent studies showing that elimina-
tion of neuronal cells by PCD is essential for the correct assembly
of the nervous system (for review, see Oppenheim, 1991). Lum-
bar spinal cord motoneurons (MNs) in the chick embryo undergo
PCD mainly in a well defined period extending from embryonic
day (E) 6 to E12 (Hamburger, 1975; Chu-Wang and Oppenheim,
1978), leading to a 50% reduction of the initially differentiated
MN pool. Neurotrophic factors and neuromuscular activity reg-
ulate the extent of the MN PCD (Pittman and Oppenheim, 1978;
deLapeyrière and Henderson, 1997). Excitatory amino acids,
endogenously released by spinal cord interneurons, are involved
in the generation of motor activity during development (Barry
and O’Donovan, 1987). Although it is well established that glu-

tamate receptors are important for synaptic differentiation and
plasticity, the role of glutamate receptors in the regulation of
normally occurring MN PCD has not been determined. In cul-
tured neurons, glutamate may be either trophic or toxic for
neurons according to the modulation of intracellular calcium
levels (Choi, 1987; Balázs et al., 1988); moreover, glutamate can
also modulate neurotrophic factors (Barger and Mattson, 1995).

Because glutamate neurotoxicity may be involved in the patho-
genesis of MN diseases, it is important to obtain information
about how glutamate can regulate the life or death of MNs during
normal development. In the present study, we analyze the effects
of the pharmacological alteration of glutamate receptors on MN
survival in the chick embryo. Previously, we have seen that the
vulnerability of the chick embryo MNs to damage by acute
exposure to excitatory amino acid agonists develops rather
abruptly between E6 and E7 (Calderó et al., 1997). After this
time, application of a single dose of NMDA or other excitotoxins
produces a conspicuous excitotoxic spinal cord injury, including a
massive necrotic MN death. Here, we show that chronic treat-
ment with NMDA starting on E5 prevents the development of
this type of excitotoxic response. In addition, this treatment has a
trophic, survival-promoting effect by reducing normally occurring
PCD of MNs via a target-independent mechanism that involves
NMDA receptor downregulation. Accordingly, there was an in-
crease in normally occurring PCD after blockade of endogenous
NMDA receptor activity.

Parts of this paper have been published previously in abstract
form (Calderó et al., 1998a).
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MATERIALS AND METHODS
Pharmacological experiments. Experiments were done with fertilized
chicken eggs purchased from COPAGA (Lleida, Catalonia, Spain) and
incubated in the laboratory. Stage of embryos was determined according
to the Hamburger and Hamilton (1951) stage series. On E5, a small
window was made in the shell to expose the chorioallantoic membrane.
In one group of embryos, hindlimb buds were unilaterally removed on E2
(stage 16), as described previously (Calderó et al., 1998b).

NMDA, kainic acid, and AMPA were from Sigma (St. Louis, MO).
Dizocilpine maleate (MK-801) was from Research Biochemicals (Natick,
MA). CNQX was from Tocris Cookson (Bristol, UK). Drugs were
dissolved in saline. In ovo treatments were performed by applying the drugs
directly onto the chorioallantoic membrane in volumes of 50–150 ml.

Histology and cell counts. Embryos were fixed in Carnoy’s solution and
processed for paraffin embedding. Serial transverse sections of 6–12 mm
obtained through the entire lumbosacral segment of the spinal cord were
stained with thionin or hematoxylin and eosin. Apparently healthy MNs
and pyknotic cells present in the lumbar lateral motor column (LMC)
were counted in every 20th and 10th section, respectively, according to
previously established criteria (Clarke and Oppenheim, 1995; Calderó et
al., 1997).

Immunocytochemistry. Whole chick embryos or dissected spinal cords
were fixed with cold 4% paraformaldehyde in 0.1 M phosphate buffer, pH
7.4. Frozen sections were processed for immunocytochemistry by using
the standard avidin–biotin peroxidase procedure using a mouse mono-
clonal antibody against NMDAR1 (PharMingen, San Diego, CA) diluted
1:500.

Motilit y recordings. Motility recordings were done under a binocular
microscope in a group of embryos that were later histologically studied.
Embryonic motility was counted, in periods of 3 min, 60 min after either
saline or NMDA administration. The number of active movements of
any part of the embryo was recorded on E5 and E6, but after the
initiation of limb activity on E6, only movements of the right leg were
counted in older embryos (E7–E13).

Cobalt uptake. The Co 21 uptake method was performed following a
modified protocol described by Pruss et al. (1991). Spinal cords from E10
and E16 chick embryos, treated with either saline or NMDA, were
rapidly dissected and placed in ice-cold uptake buffer containing (in mM):
139 sucrose, 57.5 NaCl, 5 KCl, 2 MgCl2, 2 CaCl2, 12 glucose, and 10
HEPES, pH 7.6. Once dissection was completed, either whole (for E10
embryos) or hemisected (for E16 embryos) spinal cords were placed in a
tissue slice chamber (Fine Science Tools, Heidelberg, Germany) and
continuously perfused with oxygenated uptake buffer at 27°C for 45 min.
Samples were then stimulated for 15 min with 100 mM kainate, or 100 mM
NMDA dissolved in uptake buffer containing 5 mM CoCl2. After washing
in Ca 21 and Mg 21 free uptake buffer containing 2 mM EDTA to remove
the nonspecifically bound Co 21, Co 21 was immobilized by incubating
the samples with Ca 21 and Mg 21 free uptake buffer containing 2 mM
EDTA and 0.75% (NH4)2S for 5 min. Samples were washed with uptake
buffer, fixed in Carnoy’s solution overnight, dehydrated, embedded in
paraffin, and serially sectioned. CoS precipitate was amplified by a silver
developer containing 0.12% AgNO3, 0.4% sodium acetate, 0.04% Triton
X-100, 7.5% acetic acid (eight parts), 5% sodium tungstate (one part),
and 0.25% ascorbic acid (one part) in H2O. (Allcorn et al., 1996).
Sections were lightly counterstained with thionin, dehydrated, and cov-
erslipped with DPX mountant for microscopy. The percentage of labeled
area in the lumbar LMC representing Co 21 uptake of MNs was mea-
sured in every 10th section using PC-image 2.2 (Newcastle Technopole,
Newcastle upon Tyne, UK). Five to seven sections were analyzed in each
spinal cord. To explore whether or not NMDA receptors in spinal cord
were permeable to Co 21, some samples were incubated in a free Mg 21

uptake buffer containing 100 mM NMDA and 10 mM glycine. In these
conditions, neurons were not stained by Co 21 (data not shown), as shown
previously for cerebellar slices (Pruss et al., 1991).

Western blot analysis. For each experiment, 20–30 spinal cords from
embryos treated with either saline or NMDA (E5–E9) were dissected in
cold Tris 10 mM buffer, pH 7.4, containing 0.32 M sucrose and 1 mM
MgCl2, and pooled for homogenization. The homogenate was centri-
fuged at 1000 3 g, and the supernatant was used to obtain a crude
membrane fraction by centrifugation at 100,000 3 g. The membrane
pellet was resuspended in 10 mM HEPES–KOH buffer, pH 7.4, contain-
ing 140 mM KCl and 20 mM NaCl. All media used contained a protease
inhibitor cocktail (1 mM PMSF, 1 mM pepstatin 100 mM L-1-p-tosylamino-
2-phenyl chloromethyl ketone, 25 mg/ml chymostatin, leupeptin, and
antipain, 1 mM EGTA, 1 mM EDTA, and 5 mM DTT). Protein concen-

tration was determined by using DC Protein Assay (Bio-Rad, Hercules,
CA). Twenty-five micrograms of protein from each sample were loaded
on SDS-PAGE and later transferred to nitrocellulose membranes for
Western blotting by using a monoclonal antibody against NMDAR1
(PharMingen, San Diego, CA) diluted 1:200. Signal was detected using
appropriate secondary antibodies and the ECL detection system as
recommended by the manufacturer (Amersham, Buckinghamshire, UK)
and evaluated by means of a Lumi-Imager (Boehringer Mannheim,
Mannheim, Germany). Results were obtained from three separate
experiments.

RESULTS
Exposure to excitatory amino acid agonists induces
acute spinal cord damage and massive excitotoxic
(necrotic) MN death
Treatment of embryos at different embryonic ages (later than E7)
with a single dose (0.1 mg or higher) of NMDA resulted in a
dramatic lesion of spinal cord affecting the entire gray matter.
Vulnerability was developmentally regulated in that younger em-
bryos (earlier than E7) were more or less completely resistant to
excitotoxicity. On E7, lesions started to be extensive, becoming
even more massive on E10 and later (Fig. 1A,B). Histopatholog-
ical changes consisted of a severe interstitial edema, cellular
swelling, and chromatin condensation that led to a massive and
acute cytolysis, a dramatic neuronal depletion, and later gliosis;
lumbar LMC MNs were almost completely depleted (Tables 1,
2). Ultrastructural morphology and in situ demonstration of DNA
fragmentation of dying MNs indicated a necrotic, rather than
apoptotic, mode of degeneration (Ciutat et al., 1996). Similar or
even more extensive damage was obtained after treatment with
either kainic acid or AMPA (0.1–0.5 mg) (Fig. 1C, Table 2).
Dorsal root ganglia were in all the cases not affected by any of the
treatments. NMDA and kainate–AMPA toxicity was abolished
by pretreatment with MK-801 (0.2 mg) and CNQX (0.5 mg),
respectively.

Chronic treatment with NMDA induces tolerance
against acute exposure to NMDA and non-NMDA
glutamate receptor agonists
We have examined the influence of early (when vulnerability to
NMDA excitotoxicity is not yet acquired) pharmacological acti-
vation of NMDA receptors on the later appearance of sensitivity
to excitotoxin-induced damage. In one group of embryos, a single
dose of 0.25 mg of NMDA was administered on E10. Results
were compared with another group of embryos treated daily with
the same dose of NMDA from E5 to E9. As expected, the
application of 0.25 mg of NMDA on E10 resulted in severe
damage of the spinal cord with a dramatic depletion of MNs 12 hr
later. Conversely, the same dose applied to embryos pretreated
with NMDA from E5 (Table 2) did not induce a decrease in MN
numbers, and spinal cord histopathology was apparently normal
(Fig. 1B,B9). Chronic treatment with NMDA was also effective in
preventing acute toxicity induced by non-NMDA receptor-acting
excitotoxins, as evidenced after application of kainate (0.5 mg) or
AMPA (0.1 mg) on E10 embryos (Fig. 1C,C9, Table 2). In the
same way, chronic treatment (E5–E9) with kainate (0.2 mg)
offered protection against a pulse of kainate (0.2 mg), AMPA (0.1
mg), or NMDA (0.1 mg), given on E9 or E10; these pulses elicited
only minimal abnormalities in the same conditions (acute) that
would otherwise lead to massive spinal cord damage in control
embryos.

A single injection of NMDA on E15 produced a massive MN
loss (99%), whereas a sustained NMDA treatment (E5–15) re-
sulted in only a 48% loss of MNs. This kind of tolerance required
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the continuous administration of NMDA. When chronic NMDA
treatment was stopped on E9 and an excitotoxic pulse was per-
formed on E15, a massive acute MN degeneration, similar to that
observed in control embryos, was detected. The same results were
obtained when the excitotoxic pulse was administered on E11 and
cell counts were performed on E12 (Table 2).

Chronic NMDA treatment inhibits naturally occurring
PCD of MNs
When chronic NMDA treatment was started on E5 (0.5 mg on E5
and E6, and 0.25 mg on E7, E8, and E9, our standard trophic
NMDA treatment), MNs were rescued from normal PCD. The
number of apparently healthy MNs present in the lumbar LMC at
the end of the main period of naturally occurring MN death
(E6–E10) was significantly higher in NMDA-treated embryos
(Figs. 1A,A9, 2A; Table 1), and the number of pyknotic profiles
was significantly reduced (Fig. 2B). This trophic effect was pre-
vented when MK-801 (50 mg) was administered 30 min before
each NMDA injection (Table 1). Once the NMDA treatment was
stopped (on E10), there was a gradual loss of the rescued MNs
between E10 and E20, which was accompanied by an increase in
the number of pyknotic profiles in the LMC, peaking on E12. By
E20, the number of MNs and pyknotic cells in the lumbar LMC
was similar in control and NMDA-treated embryos (Fig. 2A,B).
One group of embryos received a daily dose of NMDA from E5
to E15 (0.5 mg on E5 and E6, and 0.25 mg from E7 to E15). When
observed on E16, embryos treated with this regimen showed a
clear reduction in the number of MNs, indicating that treatments
longer than the time window corresponding to E5–E10 were not
able to keep alive MNs rescued by the trophic NMDA treatment,
and indeed this regimen produced some toxic effects (Table 2).

As shown in Figure 3 in which the number of movements
recorded from either saline- or NMDA-treated embryos were
plotted, motility was significantly decreased in E7 and E8 em-
bryos treated with NMDA. At E9–E10, chronically treated em-
bryos showed phases of vigorous bursts of clonic-like activity of
the legs, but overall motility levels were similar to controls. From
E11 to E13 (the last day studied), a dramatic decrease in motility
was observed in embryos treated with NMDA. Indeed, embryos
chronically treated with NMDA from E5 to E9 and killed on E16

Figure 1. Nissl-stained sections from E10 chick embryo lumbar spinal
cords after different regimens of treatment. Top rows, Low-magnification
views of a hemisection of a spinal cord, with the LMC indicated in dots.
Bottom rows, High magnification of the corresponding LMC. A, B, and C
were treated with saline from E5 to E9, whereas A9, B9, and C9 received
the standard trophic NMDA treatment. At the end of the treatment,
embryos received a pulse of saline (A, A9), 0.25 mg NMDA (B, B9), or 0.5
mg kainate (C, C9) on E10 and were killed 12 hr later. Note that NMDA
trophic treatment results in an enlargement of the LMC and protects
against acute damage induced by pulses of excitotoxins. Scale bar (in A):
top rows, 200 mm; bottom rows, 50 mm.

Table 1. Chronic NMDA treatment starting on E5 suppresses
spontaneous PCD, whereas acute NMDA administration is highly toxic
for MNs

Regimen of
treatmenta

Motoneuron
numbers (n)c

% of change
in motoneuron
numbers

Age of
sampling

Saline (E5–E8) 14282 6 712 (7) — E9
NMDA (E5–E6) 13384 6 428 (5) 26 E9
NMDA (E5–E8) 18017 6 913 (6)* 126 E9
NMDA (E6–E8) 14892 6 854 (5) 14 E9
NMDA (E8) 1064 6 272 (5)** 293 E9
Saline (E5–E9) 12754 6 323 (7) — E10
NMDA (E5–E9) 16763 6 900 (6)** 131 E10
MK801 1 NMDA

(E5–E9)b 11037 6 753 (6) 213 E10

aA daily dose of either saline or NMDA was administered at the embryonic ages
indicated in parentheses. The doses of NMDA were 0.5 mg on E5 and E6, and 0.25
mg daily on E7, E8, and E9.
bMK-801 (50 mg) was administered 30 min before NMDA.
cNumber of MNs (mean 6 SEM) in the lumbar LMC. Sample size in parentheses.
*p , 0.01 versus saline; **p , 0.001 versus saline (Student’s t test).
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showed an almost complete paralysis, atrophy of muscular
masses, abnormal posture, stiffness, flexion of the limbs, and
marked ventroflexion of toes.

Induction of MN PCD by peripheral target removal is
prevented by chronic NMDA treatment
Normally occurring PCD of peripheral neurons is greatly in-
creased after early ablation of target tissues (Hamburger, 1958;
Oppenheim et al., 1978; Calderó et al., 1998b). To elucidate
whether or not trophic NMDA treatment is able to circumvent
PCD in the absence of peripheral nerve–muscle interactions, the
neurotrophic effects of NMDA were investigated in embryos
subjected to limb bud removal (LBR) on E2. LBR resulted in a
complete absence of limb musculature and an extensive MN loss
when evaluated on E9. Trophic NMDA treatment (E5–E8) of
LBR embryos rescued MNs from target deprivation (Fig. 4).

Downregulation of glutamate receptors after chronic
NMDA treatment
To investigate whether the reduction in NMDA responsiveness to
excitotoxic insult could be explained by a downregulation
of NMDA receptors, we examined the levels of the obligatory
NMDA receptor subunit NR1 protein in spinal cord after trophic
NMDA treatment. Western blots of spinal cord membrane

fractions from E10 trophic NMDA-treated embryos revealed
more than a 50% reduction in NR1 protein when compared with
controls. If treatment was prolonged to E15, NR1 protein down-
regulation was maintained. However, NR1 protein downregula-
tion recovered 48 hr after the cessation on E9 of NMDA treat-
ment (Fig. 5). Immunocytochemistry on sections from normal
E10 embryos showed the NR1 signal localized in LMC MNs, as
well as in many interneuron cell bodies, in the form of a fine
punctate pattern. After chronic NMDA treatment, a reduction in
immunostaining of MN somas was seen, although this was less
evident than in Western blots (data not shown).

We have attempted to use a number of methods to determine
how NMDA receptor downregulation in chick embryo MNs
influences NMDA-mediated intracellular calcium levels. The
best way to address this question is by using fluorescent calcium
indicators on isolated cultured MNs. Unfortunately, MNs iso-
lated on E6 and cultured for 4–6 d are completely resistant to
excitotoxic damage, even when treated with high NMDA concen-
trations (1–3 mM; data not shown). This is in contrast to the
results obtained in cultures of purified embryonic rat MNs in
which NMDA-induced neurotoxicity was recently shown in only
a restricted subset of MNs (Fryer et al., 1999). We also attempted
to assay calcium levels in acutely isolated neurons from E10 spinal

Table 2. Chronic NMDA treatment induces dramatic changes in the vulnerability of spinal cord MNs to
undergo excitotoxic damage

Regimen of treatmenta
Motoneuron
numbers (n)i

% of change in
motoneuron
numbers

Age of
sampling

Saline (E10) 12615 6 463 (4) — E10.5
NMDA (E5–E9 1 E10)b 16447 6 1340 (3)*,‡ 131 E10.5
NMDA (E10)c 30 6 17 (4)** 299 E10.5
NMDA (E5–E9) 1 KA (E10)b 13160 6 1658 (3)† 14 E10.5
KA (E10)c 960 6 519 (3) 292 E10.5
NMDA (E5–E9) 1 AMPA (E10)b 15426 6 1861 (3)¶ 122 E10.5
AMPA (E10)c 2967 6 965 (3) 276 E10.5
Saline (E10) 12384 6 442 (5) — E11
NMDA (E10) 138 6 134 (9)** 299 E11
Saline (E5–E11) 11472 6 295 (5) — E12
NMDA (E5–E9) 12332 6 1542 (5) 17 E12
NMDA (E5–E9 1 E11)d 492 6 189 (5)** 296 E12
NMDA (E11)e 64 6 15 (5)** 299 E12
Saline (E5–E15) 9092 6 480 (5) — E16
NMDA (E5–E9) 10734 6 729 (7) 118 E16
NMDA (E5–E15)f 4770 6 1428 (6)* 248 E16
NMDA (E5–E9 1 E15)g 345 6 179 (4)** 296 E16
NMDA (E15)h 90 6 70 (4)** 299 E16

aA daily dose of either saline or NMDA was administered at the embryonic ages indicated in parentheses. Except in the
indicated cases, the doses of NMDA were as follows: 0.5 mg on E5 and E6, and 0.25 mg daily on E7, E8, E9, and E10. The
doses of the other excitotoxins were 0.5 mg of KA and 0.1 mg of AMPA.
bA pulse of NMDA, KA, or AMPA was applied on E10 with previous NMDA treatment from E5 to E9, at the doses
indicated above (regular trophic treatment).
cA pulse of NMDA, KA, or AMPA was applied on E10 without previous NMDA treatment from E5 to E9, at the doses
indicated above (regular trophic treatment).
dAfter regular trophic treatment, a single dose of 0.25 mg of NMDA was applied on E11.
eSingle dose of 0.25 mg on E11.
fA dose of 0.5 mg of NMDA on E5 and E6 and 0.25 mg daily from E7 to E15.
gAfter regular trophic treatment, a single dose of 0.25 mg of NMDA was applied on E15.
hSingle dose of 0.25 mg of NMDA on E15.
iNumber of MNs (mean 6 SEM) in the lumbar LMC. Sample size in parentheses.
*p , 0.05 versus saline; **p , 0.001 versus saline; ‡p , 0.001 versus NMDA (E10); †p , 0.01 versus KA; ¶p , 0.01 versus
AMPA (Student’s t test).
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cords. However, after loading with calcium indicators, cultured
neurons did not respond at all to NMDA. Most likely, proteolytic
agents used during the dissociation procedures altered cell sur-
face NMDA receptors. Thus, it appeared that the only means to
address this issue was to use an intact spinal cord preparation.
Taking advantage of the fact that chronic NMDA treatment
induces cross-tolerance against kainate excitotoxicity, we exam-
ined whether or not tolerance was correlated with a decrease in
the Co 21 uptake induced by kainate stimulation. This technique
can be performed in isolated intact nerve tissue and reflects
calcium entry through AMPA–kainate calcium-permeable recep-
tors (Pruss et al., 1991; Allcorn et al., 1996; Caicedo et al., 1998).
After spinal cord stimulation for 15 min with 100 mM kainate in an
oxygenated physiological medium containing Co 21, trapped
Co21 in MNs was 4.6-fold lower in E10 embryos treated with the
NMDA trophic protocol (E5–E10). Co21 staining in control
spinal cord revealed extensive and strong labeling of LMC MN
somas that extended into dendritic arbors and to a less degree
into the axons (Fig. 6A). Kainate stimulation of spinal cords from
embryos chronically treated with NMDA showed a dramatic
change in this pattern in that staining of MNs was considerably
reduced (Fig. 6B). After cessation of treatment on E10, there
were no significant differences in Co21 uptake between control
and NMDA-treated embryos on E16 (compare Figs. 6C,D,
7A,B). Co21 staining was almost completely abolished when
kainate stimulation was done in the presence of 30 mM CNQX
(Fig. 6E,F).

Blockade of endogenous NMDA receptor activity
increases normally occurring PCD of MNs
It has been reported recently that endogenous glutamate exerts a
trophic role regulating neuronal PCD in developing rat brain in
vivo (Ikonomidou et al., 1999). To explore whether or not the
survival-promoting effects of NMDA described here mimic an
effect of endogenous glutamate on MNs, the normal activity of
NMDA receptors was blocked at the peak of naturally occurring

PCD by means of a pulse of MK-801 administered on E7. The
resulting effects of this treatment on the number of dying MNs
were analyzed 12 hr later. As shown in Figure 8, the number of
pyknotic cells in the lumbar LMC was significantly increased in a
dose-dependent manner, indicating that inactivation of NMDA
receptors at critical stages of embryonic development promotes
the death of MNs.

Figure 2. Number of surviving MNs (A) and pyknotic cells (B) in the lumbar LMC in saline (control) or trophic NMDA-treated embryos. A, Note that
the excessive number of rescued MNs present on E9–E10 after trophic NMDA treatment is progressively lost in the subsequent developmental period.
B, The peak of pyknotic profiles normally present on E8 in control embryos is significantly reduced by trophic NMDA treatment. Subsequently, there
is an increase in the number of pyknotic cells in NMDA-treated embryos coincident with the loss of NMDA-rescued MNs. Each point represents the
mean 6 SEM of four to eight embryos. Error bars are sometimes smaller than symbols. *p , 0.05, **p , 0.01 versus saline (Student’s t test).

Figure 3. Effects of either saline or trophic NMDA treatment on the
number of active embryonic movements. The developmental pattern of
motor activity is drastically changed by trophic NMDA treatment. The
high values of error bars on E9 and E10 NMDA-treated embryos are
caused by large variations in movements commonly observed at these ages
as a consequence of NMDA treatment. Each point represents the mean 6
SEM of four to eight embryos. Error bars are sometimes smaller than
symbols. *p , 0.05, **p , 0.01 versus saline (Student’s t test).
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DISCUSSION
The results of this study indicate the following: (1) acute in ovo
application of either NMDA or other excitotoxins, such as kai-
nate or AMPA, has a potent neurotoxic effect on chick embryo
spinal cord MNs; (2) spinal cord vulnerability to damage by
exogenous administration of excitotoxins is developmentally reg-
ulated; (3) NMDA pretreatment of embryos before the acquisi-
tion of vulnerability (i.e., earlier than E7) protects the spinal cord
against the toxicity induced by a subsequent exposure to either

NMDA or non-NMDA receptor-specific excitotoxins; (4) when
pretreatment starts as early as E5 (trophic NMDA treatment), a
robust neurotrophic-like action, significantly reducing normally
occurring MN PCD, was observed; (5) it appears that the mech-
anism by which NMDA prevents normal PCD of MNs does not
require peripheral nerve–muscle interactions because it was pos-
sible to rescue MNs even after early target deprivation; (6) both
the tolerance to an acute excitotoxic lesion and the neurotrophic-
like effects are transient and cannot be maintained after E10, even
if treatment is continued; (7) trophic treatment with NMDA
involves a reversible downregulation of NR1 receptor protein and
a decrease of the functional activity of non-NMDA glutamate
receptors, as indicated by Co21 uptake; and (8) pharmacological
inactivation of NMDA receptors during the critical period of
normally occurring PCD enhances MN death.

It has been reported that neurons in culture, including MNs,
can be kept alive in the absence of neurotrophic factors when
grown in depolarizing media with high K1 by a mechanism
involving Ca21 entry (Nishi and Berg, 1981; Gallo et al., 1987;
Koike et al., 1989; Soler et al., 1998). In cultured cerebellar
granule cells, the neurotrophic action of high K1 can be mim-
icked by NMDA (Burgoyne et al., 1993), involving the Ca21–
phosphatidyl-inositol 3-kinase pathway (Zhang et al., 1998). The
survival-promoting effects of high K1 led to the postulation of the
calcium set point hypothesis by Johnson et al. (1992), which states
that a modest sustained elevation of cytoplasmic Ca21 promotes
neuronal survival in the absence of neurotrophic factor support.
In contrast, high cytoplasmic Ca 21 levels are extremely toxic for
neurons. Thus, the neurotrophic effects of NMDA reported here
may be a consequence of the ability of the excitatory amino acid
to increase intracellular Ca 21 levels sufficient to lower the de-
pendence of MNs on neurotrophic factors for survival. Moreover,

Figure 4. Effect of trophic NMDA treatment on MN survival after LBR
performed on E2. A, B, Photomicrographs taken from E9 LBR operated
embryos after treatment from E5 to E8 with either saline (A) or NMDA
(B). Note the dramatic depletion of MNs in the LMC on the operated
side of saline-treated embryos (arrow in A) and compare with the in-
creased number of MNs in NMDA-treated embryos on the operated side
(arrow in B). Scale bar (in A): A, B, 200 mm. C, Number (mean 6 SEM)
of MNs in lumbar LMC of embryos from LBR experiments. *p , 0.01
versus saline nonoperated; **p , 0.01 versus saline operated (Student’s t
test). Numbers in parentheses indicate sample sizes.

Figure 5. Identification of NR1 protein in Western blots of spinal cord
membrane fractions from E10, E11, E12, and E16 embryos. S, Saline; N,
after chronic NMDA treatment. The ratio (mean 6 SEM) of densitomet-
ric values from saline versus NMDA treatment is plotted for each exper-
imental condition. Numbers in parentheses in bars indicate sample sizes;
each sample represents the total membrane fraction obtained from at least
20 spinal cords. Legends in x-axis indicate the embryonic day of sampling
and the duration of treatment (in parentheses). Note that, when NMDA
treatment is stopped, the downregulation of NR1 protein is reversed.
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agonist-induced Ca21 entry would not be sufficient to elicit an
excitotoxic response in this situation because, as we have shown
here, NMDA receptors are downregulated. This may also explain
why, in embryos pretreated with NMDA from E5, a later excito-
toxic pulse is unable to trigger acute neuronal death.

Our data show that trophic NMDA treatment results in a more
than 50% reduction in the obligatory NR1 subunit, which can be
reversed by cessation of the NMDA treatment. Additionally, we
observe a correlation between levels of NR1 protein and the
susceptibility for sustaining NMDA-induced damage. Other stud-
ies have shown that the activity of the NMDA receptor plays a
key role in its own regulation. For example, in rat hippocampal
cultures, chronic activity blockade by NMDA antagonists results
in an increase in the number of NMDA receptor clusters (Rao

and Craig, 1997). Furthermore, in cultured cerebellar granule
cells, NMDA agonists induce a downregulation of NMDA re-
ceptors involving a reduction in NR1 protein and its mRNA
(Resink et al., 1996). In agreement with this report in which
NMDA receptor downregulation was reversed by stopping ago-
nist treatment, we have also found that interruption of NMDA
chronic treatment for 24 hr or more leads to a recovery of both
NR1 levels and the vulnerability of spinal cord to excitotoxicity.
This would be in agreement with NMDA receptor turnover
studies, which indicate that surface NR1 subunit has a half-life of
34 hr (Huh and Wenthold, 1999). On the other hand, we observe
that, to obtain the maximal trophic effects, the regimen of
NMDA treatment must include an early injection on E5. At this
age, immature MNs are normally resistant to excitotoxicity (Cal-

Figure 6. Co 21 uptake in lumbar LMC MNs of E10 (A, B, E) and E16 (C, D, F ) chick embryos after 15 min stimulation with 100 mM kainate. Embryos
were treated previously from E5 to E9 with either saline (A, C, E, F ) or the trophic protocol of NMDA (B, D). Spinal cord preparations were also
stimulated in the presence of CNQX (30 mM; E, F ). Sections were counterstained with thionin. Note that the trophic treatment with NMDA greatly
reduces Co 21 uptake in MNs on E10 (A, B) but not on E16 (C, D) embryos. Kainate stimulation in the presence of CNQX abolishes Co 21 uptake (E,
F ). Scale bar (in E): A, B, E, 50 mm; C, D, F, 100 mm.
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deró et al., 1997), although they express low levels of NMDA
receptors (our unpublished observations). This suggests that ac-
tivation of low levels of functional NMDA receptors are required
to initiate the NMDA receptor agonist-induced trophic effects on
MN survival.

Peripherally (muscle) derived signals are the main known
regulators of MN survival between E6 and E12 in the chick
embryo (Calderó et al., 1998b), whereas signals derived from
afferent projections appear to operate primarily after E10 to
maintain the survival of MNs (Okado and Oppenheim, 1984).
Because trophic NMDA treatment rescues MNs from PCD be-
fore E10 and also prevents target deprivation-induced death, it
seems likely that NMDA has a central effect through glutamate
receptors present on MNs. Thus, the glutamate receptor down-
regulation observed in this situation would sustain agonist-
induced calcium entry within the limits required for survival in
the absence of peripheral trophic support. However, because
after E10 glutamate receptor agonists are not able to promote
MN survival, there must be a critical period in which the activa-
tion of NMDA receptors leads to a reduction of glutamate re-
ceptor function. In fact, there are reports that the sensitivity of
NMDA receptors to pharmacological regulation changes during
development (Scheetz and Constantine-Paton, 1994). The
present data provide the first evidence that normal PCD of MNs
is regulated, in part, by afferents via activation of NMDA
receptors.

Neuromuscular activity during development is also an impor-
tant signal for regulating MN survival and differentiation (Pitt-

man and Oppenheim, 1978; Oppenheim and Núñez, 1982). We
have shown here that NMDA trophic treatment causes a signif-
icant decrease in motility after E10, accompanied by muscular
atrophy, but without a reduction in the number of MNs. This
indicates that chronic NMDA treatment has a long-lasting effect
on the ability of spinal cord circuitry to generate motor activity.
It has been suggested that, during postnatal development in rat,
activity blockade may increase the vulnerability of MNs to the
putative toxic effects of excitatory afferent synaptic inputs
(Fournier Le Ray et al., 1993; Greensmith and Vrbova, 1996). If
correct, this may also help to explain the loss of rescued MNs that
we observe after E10, owing to residual circulating NMDA or
endogenous glutamate in our treatment paradigm.

We have observed that early pretreatment with NMDA pro-
tects against later exposure to excitotoxic doses of NMDA (see
also Marini and Paul, 1992; Dickie et al., 1996). Interestingly, we
have found that this NMDA-induced excitoprotection is not
restricted to NMDA receptors but also affords protection against
other non-NMDA receptor-acting excitotoxins, such as kainate or
AMPA. Measures of Co21 uptake induced by kainate demon-
strate that, as a consequence of NMDA pretreatment, Ca21-
permeable AMPA–kainate receptors are functionally downregu-
lated, similar to the NMDA receptor. Thus, it seems likely that
both the excitoprotective and neurotrophic (inhibition of PCD)
actions observed here are mainly linked to reductions in agonist-
induced calcium loading as a consequence of receptor downregu-
lation. It is known that treatment with different neurotransmitters
or neurotransmitter agonists causes marked alterations in the
localization of corresponding receptors (Mantyh et al., 1995; Liu
et al., 1997; Dumartin et al., 1998). Although these findings have
not yet been extended to glutamate receptors, it seems possible
that chronic treatment with NMDA induces the internalization of
both NMDA and non-NMDA receptors, thereby limiting recep-
tor availability for extracellular ligands. In fact, there is some
evidence that indicates that both AMPA and NMDA receptors
are downregulated together by a mechanism involving sub-
unit degradation after NMDA receptor activation (Huh and
Wenthold, 1997). Alternatively, we cannot rule out the possibility
that NMDA pretreatment may cause an upregulation of neuro-

Figure 8. MK-801 increases motoneuron death during the period of
normal PCD. Number (mean 6 SEM) of pyknotic cells in the lumbar
LMC of chick embryos after treatment with either saline or different
doses of MK-801 on E7. Counts were made 12 hr after the treatment.
Numbers in bars indicate the sample size. *p , 0.01, Student’s t test.

Figure 7. Morphometric evaluation of kainate-induced Co 21 uptake.
Graphs show the percentage (mean 6 SEM) of the Co 21-labeled area in
the LMC of spinal cord of E10 ( A) and E16 ( B) chick embryos treated
with either saline or NMDA from E5 to E9. *p , 0.001 versus saline
(Student’s t test). Numbers in parentheses indicate sample sizes.
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trophic factors–receptors (or other molecules), which may play an
excitoprotective role (Hughes et al., 1993). For instance, the
elevation of cAMP mimics the survival-promoting effects of de-
polarization or glutamate receptor activation by inducing high
levels of cell surface neurotrophin TrkB receptors in cultured
neurons (Meyer-Franke et al., 1998).

An important question that needs to be addressed is the phys-
iological relevance of the present results in the context of activity-
mediated control of MN survival. Although our results involve
pharmacological alteration of the system, we report here for the
first time that NMDA receptor stimulation has a survival-
promoting influence on MNs in vivo, whereas acute receptor
inactivation by MK-801 has the opposite effect. Recently, it has
been reported that blockade of NMDA receptors triggers apo-
ptotic neurodegeneration in developing rat brain, suggesting that
glutamate acts as a physiological regulator of PCD (Ikonomidou
et al., 1999). Further studies are needed to determine whether
glutamate normally released by afferent inputs can regulate in-
tracellular calcium in MNs and how glutamate cooperates with
target-derived neurotrophic factors in regulating normal MN
death and survival.
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Calderó J, Lladó J, Ribera J, Tarabal O, Ciutat D, Casanovas A, Ayala V,
Casas C, Serrando M, Oppenheim RW, Esquerda JE (1998a) Preven-
tion of normal and induced programmed cell death by chronic admin-
istration of N-methyl-D-aspartate (NMDA). Soc Neurosci Abstr
24:1790.
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