
NT3 probe that included the entire region utilized 
as a probe for in situ hybridization. The differences 
we observed in both the pattern of tissue distribu- 
tion and transcript size (BDNF, 3.5 and 1.6 kb; 
NT3, 1.4 kb) are consistent with a lack of cross- 
hybridization of the probes among members of the 
NGF family. 

10. The localization of mRNA for BDNF, NT3, and 
NGF was compared in coronal sections of rat and 
mouse forebrain. The distribution of BDNF, NT3, 
and NGF mRNA in sections of rat and mouse brain 
through the hippocampus was examined in four 
separate experiments with tissue from 12 rats and 7 
mice. 

11. B. Kniisel et al., in preparation. 
12. B. R. Talamo et al., Nature 337, 736 (1989); P. F. 

Reyes et al., Arch. Neurol. 4, 644 (1987); J. A. 
Hardy, et al., Neurobiol. Aging, 7, 489 (1986); R. 
Pearson et al., Proc. Natl.  Acad. Sci. U . S .  A. 82, 4531 
(1985); P. J. Whitehouse, D. L. Price, A. E. Clark, 
J. T. Coyle, M. R. DeLong, Ann .  Neurol. 10, 122 
(1981). 

13. Hybridizations were carried out as described (5). 
Templates for the sense and antisense probes were 
derived from a cDNA clone encoding for human 
BDNF (A. Rosenthal et al., in preparation). The 
template and resulting probes were approximately 1 
kb and contained -600 bp of protein coding se- 

quence and -300 bp of 3' untranslated sequence. 
On slot blots, this probe gave no detectable hybrid- 
ization to RNA encoding for human NGF or NT3 
at concentrations of these RNAs in 20-fold excess 
over that required for a hybridization signal to 
BDNF. 

14. G. Cain and C. Paxinos, T h e  Rat Brain in Stereotaxic 
Coordinates (Academic Press, San Diego, CA, 1986). 

15. J. Scott et al. ,  Nature 302, 538 (1983). 
16. We thank K. Nikolics for support and encourage- 

ment, J. Wilcox for sharing in situ hybridization 
protocol, M. Armanini for technical assistance, and 
T.  Altar for the use of the image analysis system. The 
clone encoding for mouse NGF was provided by L. 
Reichardt. Human tissue specimens were obtained 
from the National Neurological Research Bank, 
VAMC Wadsworth Division, Los Angeles, CA 
90073, which is sponsored by NINDS, NIHI 
NIMH, National Multiple Sclerosis Society, Hun- 
tington's Disease Foundation, Comprehensive Epi- 
lepsy Program, Tourette Syndrome Association, 
Dystonia Medical Research Foundation, and Veter- 
ans Health Services and Research Administration, 
Deparunent of Veterans Mairs. We thank W. W. 
Tourtellotte, D. Matoff, and J. Riehl for their 
assistance in providing these specimens. 

25 April 1990; accepted 23 August 1990 

Induction of a Neuronal Proteoglycan by the NMDA 
Receptor in the Developing Spinal Cord 

Activation of the N-methyl-D-aspartate (NMDA) subclass of glutamate receptors is a 
critical step in the selection of appropriate synaptic connections in the developing 
visual systems of cat and frog. Activity-dependent development of mammalian motor 
neurons was shown to be similarly mediated by activation of the NMDA receptor. The 
expression of the Cat-301 proteoglycan on motor neurons was developmentally 
regulated and could be specifically inhibited by blockade of the NMDA receptor at the 
spinal segmental level. In the adult, Cat-301 immunoreactivity on motor neurons was 
not diminished by NMDA receptor blockade. The NMDA receptor may regulate the 
expression of a class of neuronal proteins (of which Cat-301 is one example) that 
underlie the morphological and physiological features of activity-dependent develop- 
ment. 

EURONAL ACTIVITY IN THE EARLY 

postnatal period can have long- 
lasting effects on both the anatomy 

and physiology of neurons in the marnmali- 
an central nervous system (CNS). In many 
systems, activity-dependent effects on neu- 
ronal phenotype occur during circumscribed 
periods in early postnatal development, 
called critical or sensitive periods (1). In the 
cat visual cortex, activity-dependent acquisi- 
tion of mature neuronal properties has been 
suggested to involve activation of the 
NMDA subclass of glutamate receptors (2). 
The molecular events that follow activation 
of the NMDA receptor and lead to alter- 
ations in neuronal phenotype are only be- 
ginning to be understood, but one hypothe- 

sis suggests that NMDA receptor activation 
leads to changes in the expression of neuro- 
nal proteins. 

The expression of the neuronal cell surface 
proteoglycan recognized by monoclonal 
antibody Cat-301 ( 3 )  is regulated by neuro- 
nal activity in the early postnatal period. 
Visual deprivation of neonatal cats leads to a 
marked diminution of Cat-301 expression in 
the deprived layers of the dorsal lateral 
geniculate nucleus and in the visual cortex, 
whereas deprivation in adult cats has no 
effect on Cat-301 expression (4). Similarly, 
deprivation of normal patterns of neuro- 
muscular activity in neonatal hamsters leads 
to a marked reduction in the expression of 
the Cat-301 proteoglycan on spinal cord 
motor neurons, whereas deprivation in 

Section of Neuroanatorn Yale University School of adults does not (5, 6). TheAperisynaptic 
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Fig. 1. MK-801 and APV inhibit Cat-301 immu- 
noreactivity on sciatic motor neurons. Sample 
preparation as in Table 1. Scheffk's multiple-range 
test for comparisons within several experimental 
groups was used to show differences from vehicle- 
treated animals (*, P < 0.05; **, P < 0.01). The 
percentage of Cat-301-positive neurons from 
(-)MK-801-treated animals did not differ signif- 
icantly from that of saline-injected controls. 

that the antigen might be involved in the 
selection or stabilization of the mature set of 
synapses on motor neurons. 

The expression' of the Cat-301 antigen on 
motor neurons requires input from several 
sources (segmental and suprasegmental) in 
early life. At birth, hamster spinal motor 
neurons do not express the Cat-301 antigen; 
adult levels of expression are reached by the 
end of the second postnatal week (5). Dis- 
rupting sciatic motor neuron activity in neo- 
nates by nerve crush (5), dorsal rhizotomy 
(6), or thoracic cordotomy (5) at postnatal 
day 7 (P7) (before the onset of normal Cat- 
301 expression) inhibits the development of 
Cat-301 imrnunoreactivity on motor neu- 
rons. When adult animals are subjected to 
the same lesions, no effect on Cat-301 
expression is seen. These studies provide 
molecular evidence for activity-dependent 
development of motor neurons. 

Large-diameter primary afferents are re- 
quired for normal expression of Cat-301 (6), 
and some of these are glutamatergic (8). 
Glutamate is considered the primary excit- 
atory neurotransmitter in. the spinal cord, 
and polysynaptic activation of motor neu- 
rons involves activation of the NMDA re- 
ceptor (9, 10). The established role of 
NMDA receptors in activity-dependent de- 
velopment in other systems led us to explore 
the possibility that the NMDA receptor 
might also play a role in the maturation of 
spinal motor neurons, as assayed by Cat-301 
expression. 

As a first step in evaluating the effects of 
NMDA receptor blockade on the expression 
of Cat-301 irnrnunoreactivity, we employed 
the lipophilic, noncompetitive NMDA re- 
ceptor antagonist, MK-801. Animals re- 
ceived intraperitoneal injections of MK-801 
daily from P7 to P21 at a range of doses (0.1 
to 5.0 mg per kilogram of body weight). At 
first, animals appeared intoxicated, but 

SCIENCE, VOL. 250 



Table 1. NMDA receptor antagonists reduce 
Cat-301 expression on motor neurons. Breeding 
and handling of hamsters has been described (5, 
6). NMDA receptor antagonists were adminis- 
tered from P7 to P21 either by daily intraperito- 
neal injection (MK-801) or by Elvax implants 
(APV). Sciatic motor neurons were retrogradely 
labeled at P19 by sciatic nerve injection of 1 pl of 
1% Fast Blue on P19. Preparation of tissue and 
immunohistochemical methods were as described 
(5, 6) and were carried out in parallel for control 
and experimental animals. A minimum of 300 
retrogradely labeled cells from three animals from 
separate litters were counted. Values are means + 
SEM. (-)MK-801 is the inactive stereoisomer. 

NMDA receptor Cat-301-positive 
antagonist neurons (%) 

Neonate 
MK-801, 5.0 mgkg 
MK-801, 1.0 mglkg 
MK-801, 0.1 mgkg 
Saline 
(-)MK-801, 5.0 mgkg 

Adult 
MK-801, 10.0 mgkg 
Saline 

Neonate 
Lumbar APV-Elvax, 

10.0 mM 
Lumbar APV-Elvax, 

5.0 mM 
Lumbar APV-Elvax, 

1.0 mM 
Lumbar saline-Elvax 
Cervical APV-Elvax, 

10.0 mM 
Cervical saline-Elvax 
Cortical APV-Elvax, 

10.0 mM 
Adult 

Lumbar APV-Elvax 
10.0 mM 

Lumbar saline-Elvax 

*P < 0.05, **P < 0.01, SchetfC's muki k range 
test for comparisons within several experimend &ups, 
difference from vehicle-treated animal. tsiguticant 
diffemce h e e n  lumbar and cervical APV implants at 
P < 0.05. 

within 1 hour neither behavioral changes 
nor weakness distinguished them from con- 
trols. We examined the effect of MK-801 on 
a defined population of neurons, the sciatic 
motor neuron pool, identified by retrograde 
labeling with Fast Blue. Daily MK-801 in- 
jections from P7 to P21 inhibited the 
expression of Cat-301 on sciatic motor neu- 
rons in a dose-dependent, stereospecific 
manner (Table 1 and Figs. 1 and 2). 

To determine whether the sensitivity of 
Cat-301 expression to NMDA receptor in- 
activation was temporally restricted, we ad- 
ministered MK-801 at 5.0 or 10.0 mgfkg to 
adult animals daily for 14 days, and Cat-301 
expression on sciatic motor neurons was 
assayed. In these animals, 96% of sciatic 
motor neurons were Cat-301-positive, and 
this value did not differ significantly from 
saline-injected controls where 95% of neu- 
rons were Cat-301-positive (Table 1 and 

Fig. 2). Thus, in contrast to our findings in 
the neonate, expression of Cat-301 on adult 
motor neurons appears to be independent of 
activation of the NMDA receptor. The dif- 
fering effect of MK-801 on Cat-301 expres- 
sion in neonates and adults suggests the 
existence of a circumscribed period in motor 
neuron development during which activa- 
tion of the NMDA receptor is required for 
normal maturation. 

To control for nonspecific effects of MK- 
801, we also assayed for expression of other 
neuronal proteins. Two other motor neuron 
antigens that are recognized by monoclonal 
antibodies Rat-302 and Rat-303 (11) are 
also initially expressed during the first two 
posmatal weeks (.5). In MK-801-treated 
neonates that show the reduction in Cat- 
301 expression, 99% of sciatic motor neu- 
rons continue to express the antigens identi- 
fied by Rat-302 and Rat-303 (Fig. 2). These 
results indicate that the inhibition of Cat- 
301 expression by MK-801 does not reflect 
a general impairment of all protein synthe- 
sis, but rather a reduction in the expression 
of a specific molecular species. 

MK-801 may bind to sites in addition to 
the NMDA receptor (12). To control for the 

Fig. 2. MK-801 selectively inhibits Cat-301 stain- 
ing of motor neurons from neonatal (C and D) 
but not adult (A and B) hamsters. All animals 
received MK-801 from P7 to P21. Motor neu- 
rons were identified with the retrograde tracer 
Fast Blue and viewed under fluorescent optics (A, 
C, E, and G). Antibody labeling was canied out 
with antibodies to mouse immunoglobulin G 
conjugated with fluorescein isothiocyanate 
(FlTC) (B, D, and F) or horseradish peroxidase 
(HRP). (A) A Fast Bluelabeled motor neuron 
identified in the lumbar cord of an adult hamster 
after administration of MK-801 (10.0 mgkg) for 
14 days. (B) The same field as in (A) visualized 
for Cat-301 under FlTC optics. Intense staining 
is visible around the perimeter of the neuronal cell 
body. and proximal dendrites. The intracellular 
punctate staining is nonspeufic and is due to 
lipofuxin pigment which fluoresces at this wave- 
length. It can be distinguished by color from the 
specific antibody staining (orange versus green) 
and is present in sections incubated in the absence 
of primary antibody. (C) A retrogradely labeled 
motor neuron from a hamster on P21 ,hat 'lad 
been administered MK-801 (5.0 mgkg) from P7 
to P21. (D) The same field as in (C) visualized for 
Cat-301 immunoreactivity shows no surface-asso- 
ciated staining. (E) Retrogradely labeled motor 
neuron from a hamster on P21 that had been 
treated daily with MK-801 (5.0 mglkg) from P7 
to P21. (F) The same field as in (E) demonstrates 
that this neuron is positive with a control anti- 
body, Rat-303. (G) Retrogradely labeled motor 
neuron from a hamster on P21 that had been 
treated daily with MK-801 (5.0 mglkg) from P7 
to P21. (H) The same field as in (G) demonstrates 
staining with another control antibody, Rat-302. 
Scale bar, 8.5 pm. 

possibility that the observed reduction in 
Cat-301 immunoreactivity by MK-801 
might be mediated by non-NMDA binding 
sites, we examined the effect of a second 
NMDA receptor antagonist on Cat-301 
expression. Aminophosphonovaleric acid 
(APV) is a nonlipophilic, competitive 
NMDA receptor antagonist that binds at a 
site distinct from the MK-801 binding site 
on the NMDA receptor. Unlike MK-801, 
systemically administered APV does not 
cross the blood-brain banier, so APV was 
administered by direct application at the 
lumbar enlargement. Slow, continuous re- 
lease of APV was accomplished by incorpo- 
rating APV into the polymer Elvax (13, 14) 
and placing a slice (1 mm by 2 mm by 50 
pm) of Elvax over the lumbar enlargement, 
which was exposed by a larninectomy. Im- 
plants containing APV or saline were made 
at P7, and Cat-301 expression on sciatic 
motor neurons was assayed at P21. Only 
57% of sciatic motor neurons were Cat- 
301-positive in animals receiving an im- 
plant containing 10.0 mM APV (Table 1 
and Figs. 1 and 3). In contrast, 95% of 
sciatic motor neurons were Cat-301-psi- 
tive in saline-implanted controls. Implants 
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Fig. 3. Cat-301 staining is selectively reduced on . 
motor neurons from neonatal (C and D) but not 
adult (A and B) hamsters treated with APV. 
Arrows denote a reference blood vessel in (A) and 
(B) and in (C) and (D). (A) A Fast Blue-labeled 
motor neuron from the lumbar cord of an adult 
hamster implanted with APV over the lumbar 
enlargement for 14 days. (B) The same field as in 
(A) viewed under FITC optics to visualize Cat- 
301 immunoreactivity. (C) A Fast Blue-labeled 
motor neuron from a hamster on P21 that had 
been implanted with APV (10.0 mM) over the 
lumbar enlargement at P7 for 14 days. (D) The 
same field as in (C) viewed under FITC optics 
shows no Cat-301 staining of the Fast Blue- 
positive motor neuron. Scale bar, 20 km. 

containing a range of APV concentrations 
produced a dose-dependent effect of APV 
on the development of Cat-301 immunore- 
activity (Table 1 and Fig. 1). This reduction 
in Cat-301 immunoreactivity was molecu- 
larly specific, since the two other motor 
neuron antigens were not reduced by APV. 
Furthermore, the sensitivity to APV was 
developmentally regulated, since APV im- 
plants in adult animals had no effect on Cat- 
301, Rat-302, or Rat-303 expression when 
compared to saline-implanted controls (Fig. 
3). 

Our results indicate that the onset of Cat- 
301 expression on motor neurons requires 
activation of the NMDA receptor in early 
life. The precise neuronal circuitry subserv- 
ing these effects cannot yet be determined 
unequivocally. To address the question of 
where in the neuroaxis the NMDA antago- 
nists are operating, we compared the effects 
of implants placed over the lumbar enlarge- 
ment, the motor cortex, and the cervicome- 
dullary junction (in the cistema magnum, an 
intermediate location). We reasoned that 
the closer the source of APV was to its site 

of action, the more potent it would be in 
regulating Cat-301 expression on motor 
neurons. When APV (10.0 mM) was im- 
planted at the lumbar enlargement, only 
54% of sciatic motor neurons were Cat- 
301-positive. When an implant (10.0 mM 
APV) was placed in the cisterna magnum, 
84% of sciatic motor neurons were Cat- 
301-positive (saline implants had no effect: 
96% Cat-301-positive). When 10.0 mM 
APV was implanted over the contralateral 
sensorimotor cortex, 95% of sciatic motor 
neurons were Cat-30 1-positive (Table 1). 
The effects of APV implants at the cervico- 
medullary junction and sensorimotor cortex 
were statistically significantly different from 
the lumbar implants (P < 0.01). These re- 
sults suggest that the site of action of the 
NMDA antagonists on motor neuron devel- 
opment is at the spinal segmental level. The 
identity of the cell class within the neonatal 
spinal segmental unit that bears NMDA 
receptors is, at present, unknown. 

Much of our understanding of the prop- 
erties of the NMDA receptor comes from 
the study of long-term potentiation (LTP) 
in the hippocampus, a phenomenon consid- 
ered to be a physiological correlate of leam- 
ing and memory (15, 16). NMDA receptor 
activation requires coactivation of pre- and 
postsynaptic elements. The presynaptic in- 
puts may arise from multiple sources (asso- 
ciativity) as long as they are coordinated 
such that a sufficient number are simulta- 
neously active (cooperativity) to depolarize 
the postsynaptic cell (and thereby activate 
the NMDA receptor). These features of 
NMDA-mediated, long-lasting alterations 
in neuronal properties may have a parallel in 
the neuromuscular system: input from both 
descending (supraspinal) afferents and large 
diameter primary afferents are necessary for 
the expression of Cat-301 on motor neurons 
(5, 6). Our results suggest that convergence 
of descending and primary afferent inputs at 
the segmental level leads to the coherent 
activity necessary for activation of NMDA 
receptors and the normal maturation of 
motor neurons. The period of sensitivity of 
Cat-301 expression to NMDA receptor an- 
tagonism correlates with the period of ac- 
quisition of the mature properties of the 
segmental neuromuscular unit, such as syn- 
apse elimination from muscles (1 7) and from 
motor neurons (18). The present results 
suggest that long-lasting changes in the mo- 
lecular, anatomical, and physiological prop- 
erties of neurons as a consequence of use or 
activity are a general property in neuronal 
development. 

It has been suggested that the effects of 
NMDA receptor activation on long-term 
changes in neuronal properties are mediated 

by changes in protein expression (16, 19). 
The results described here demonstrate that 
the expression of the Cat-301 surface-associ- 
ated (7) chondroitin sulfate proteoglycan (3) 
is regulated by NMDA receptor activation. 
The Cat-301 proteoglycan may be one ex- 
ample of a class ~ f - ~ r o t e i n s  regulated by 
NMDA receptor activation, which underlie 
the structural and functional features of ac- 
tivity-dependent neuronal maturation. 
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