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The postnatal development of the three receptor bind- 
ing sites that constitute the N-methyl-D-aspartate 
(NMDA) receptor channel/complex was examined in 
six hippocampal regions of rats using quantitative 
receptor autoradiography. NMDA-sensitive [‘I-I]- 
glutamate binding, strychnine-insensitive rSH]glycine 
binding, and [8H]N-(l-[2-thienyl]cyclohexyl)-3,4-pi- 
peridine ([‘HITCP) binding were measured to examine 
the ontogeny of NMDA recognition sites, glycine modu- 
latory sites, and PCP receptors, respectively. NMDA- 
sensitive [‘HIglutamate binding transiently exceeded 
adult levels by 50 to 120% in all regions examined, with 
peak densities generally occurring between postnatal 
days (PND) 10 and 28. Stratum radiatum CA, binding 
increased slowly from 49 to 61% of the adult value be- 
tween PND 1 and 7, after which, binding rapidly rose to 
151% of adult values at PND 14, remained elevated 
through PND 28, and then decreased to adult levels. 
The ontogenic profile of NMDA recognition site binding 
was similar in other hippocampal regions, although the 
initial age of maximal binding and the period of stabili- 
zation varied. The ontogenic profiles of glycine modula- 
tory site binding and PCP receptor binding were very 
similar to each other. Development was delayed, how- 
ever, with respect to NMDA recognition site binding. 
The rapid development of binding observed between 
PND 7 and 14 with NMDA receptors in stratum radia- 
turn CA, was contrasted by a much slower increase in 
glycine and PCP receptor binding. Furthermore, maxi- 
mal glycine and PCP receptor binding densities were 
not reached until PND 28 and were lower than NMDA 
recognition site binding densities. The observed devel- 
opmental patterns of binding to each of the receptor 
components of the NMDA receptor channel/complex 
are consistent with postnatal changes in cytoarchitec- 
ture, synaptogenesis, afferent lamination, and func- 
tional development of the hippocampus. However, the 
relative overexpression of NMDA recognition sites 
with respect to glycine and PCP receptors between 
PND 7 and 2 1 suggests that there is differential expres- 
sion of these binding sites during development. o 1990 
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INTRODUCTION 

Glutamate and structurally related excitatory amino 
acids (EAA) are the principle excitatory neurotransmit- 
ters in the mammalian brain. Physiological responses to 
glutamate are mediated by several receptor subtypes 
that are differentiated on the basis of preferential re- 
sponses to synthetic and alkaloid agonists (66). Of the 
glutamate receptor subtypes, the NMDA receptor/ 
channel complex is best characterized (for review see 
(10)). This receptor complex consists of an NMDA rec- 
ognition site coupled to a Ca2+ permeable cationic chan- 
nel and several modulatory binding sites including re- 
ceptors for glycine and dissociative anesthetics (phen- 
cyclidine, PCP, receptor). Physiological responses to 
NMDA are enhanced by glycine and reduced by PCP 
receptor ligands. The action of PCP receptor ligands is 
activity-dependent and blockade is produced by binding 
within the NMDA-associated ionophore. 

Recent experimental data indicate that NMDA re- 
ceptors have several physiological and pathophysiologi- 
cal roles in developing mammalian brain (for review see 
(32, 40)). NMDA receptors participate in neurotrans- 
mission (21,64) and are also involved in several develop- 
mental forms of activity-dependent synaptic plasticity 
including segregation of afferent visual input into eye- 
specific columns and long-term potentiation (LTP), a 
model of learning and memory (4,9,20,25,53). NMDA 
receptor activation serves as a neurotrophic influence 
supporting neuronal cell growth and survival during re- 
stricted periods of postnatal development (3,32,40,44, 
47). Excessive NMDA receptor activation, however, can 
produce neuronal injury and is implicated in the patho- 
physiology of neuronal injury resulting from hypoxia- 
ischemia, sustained seizures, several developmental dis- 
orders of amino acid metabolism, and chronic neurode- 
generative diseases (7, 33,40, 55). The susceptibility of 
the brain to NMDA-mediated brain injury changes 
markedly during development; susceptibility peaks near 
postnatal day (PND) 7 in rats and the severity of injury 
at this stage is approximately 60 times greater than the 
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TABLE 1 

NMDA-Sensitive [3H]Glutamate, Strychnine-Insensitive [3H]Glycine, and [3H]TCP Binding Densities in Adult Rats 

Hippocampal region 

SO, CA, 
SR, CA, 
SO, CA, 
SR, CA, 
SMDG 
SUB 

NMDA-sensitive 
[3H]glutamate binding 

(100 niI4) 

2.87 + 0.22 
3.22 + 0.23 
1.66 + 0.15 
1.82 + 0.14 
3.29 f  0.25 
0.86 + 0.05 

Strychnine-insensitive [3H]TCP binding 
glycine binding (100 I-&) (3OnM) 

2.21 + 0.11 0.32 f  0.02 
2.45 f  0.15 0.37 _t 0.03 
1.55 + 0.10 0.19 + 0.01 
1.69 + 0.11 0.21 + 0.01 
2.39 + 0.14 0.32 + 0.02 
0.65 + 0.03 0.07 -+ 0.01 

Note. Binding values (pmol/mg protein) represent means + SEM (n = 4). Adult rats = PND 90. Abbreviations: SO, stratum oriens; SR, 
stratum radiatum; SMDG, stratum moleculare; dentate gyrus; SUB, subiculum dorsalis. 

injury observed in adult brain on an equimolar basis (23, 
35, 40). 

Recently autoradiographic receptor binding assays 
specific for glycine modulatory sites and PCP receptors 
have been developed. To determine whether the devel- 
opmental expression of the three receptors that consti- 
tute the NMDA receptor complex are similar, this study 
compared the postnatal development of binding to 
NMDA recognition sites, glycine modulatory sites, and 
PCP receptors in the rat hippocampal formation using 
quantitative autoradiography. Preliminary results of 
these studies have been reported (39). 

MATERIALS AND METHODS 

A total of 31 male Sprague-Dawley albino rats at 8 
postnatal ages (PND 1,4, 7,10,14,21,28,90 = adult, n 
= 4/age except PND 21, n = 3) were used to examine 
receptor ontogeny. 

Tissue preparation. Animals were decapitated, and 
brains were rapidly removed and immediately frozen on 
dry ice. Twenty-micrometer horizontal frozen brain 
sections were thaw-mounted onto gelatin-coated slides 
and stored at -20°C prior to receptor labeling (~48 h 
storage time). Frozen storage for this time period does 
not affect binding parameters to any of the receptors 
examined in this study. Adjacent tissue sections were 
used to examine NMDA-sensitive [3H]glutamate, 
strychnine-insensitive [3H]glycine, and [3H]-N-(1-[2- 
thienyl]cyclohexyl)-3,4-piperidine ([3H]TCP) binding 
in six hippocampal regions: stratum oriens (SO) and 
stratum radiatum (SR) of areas CA, and CA,; area CA,; 
stratum moleculare of dentate gyrus (SMDG); and su- 
biculum dorsalis (SUB). 

NMDA-sensitive [3H]glutamate binding. NMDArec- 
ognition sites were labeled with [3H]glutamate under 
conditions which select for binding to this site (modified 
from Ref. (17)). Sections were prerinsed for 30 min in 50 

mM Tris-acetate, pH 7.4, at 4°C and dried under cool 
air. Sections were incubated for 45 min at 4°C in the 
same buffer containing 100 nM [3H]glutamate, 2.5 PM 
quisqualate, and 1 PM kainate. These concentrations of 
quisqualate and kainate inhibit >90% of [3H]glutamate 
binding to non-NMDA receptors. Additional sections 
from PND 1, 4, 10, 14, 21, 28, and 90 rats (n = 3/age) 
were incubated with 100 nM [14C]glutamate instead of 
[3H]glutamate. Nonspecific binding was determined in 
the presence of 500 FM NMDA, and at 100 nM [3H]- 
glutamate, it represented less than 10% of total binding 
at all ages. For saturation studies, the incubation buffer 
contained 40 nM [3H]glutamate and varying concentra- 
tions of unlabeled glutamate giving final concentrations 
of glutamate ranging from 40 nM to 2.5 PM. Sections 
were rapidly rinsed three times (2 ml each) with 50 mM 
Tris-acetate (4”C, pH 7.4) followed by a final rinse (2 
ml) with an acetone/glutaraldehyde (19:1, v/v) solution 
and rapidly dried under hot air. 

Strychnine-insensitive [3H]glycine biding. Glycine 
modulatory sites were labeled with [3H]glycine under 
conditions that select for binding to this site (34). Sec- 
tions were prerinsed for 30 min at 4°C in 50 mM Tris- 
acetate, pH 7.4, and dried with cool air. Using the same 
buffer, sections were incubated for 35 min at 4°C with 
100 nM [3H]glycine and 10 PM strychnine. This concen- 
tration of strychnine inhibits [3H]glycine binding to the 
inhibitory strychnine-sensitive glycine receptor. Non- 
specific binding was determined with 1 mM unlabeled 
glycine included in the incubation buffer and at 100 nM 
[3H]glycine it represented less than 10% of total binding 
at all ages. In saturation studies, the incubation buffer 
included 40 nM [3H]glycine and varying concentrations 
of unlabeled glycine, providing total glycine concentra- 
tions ranging from 40 nM to 2.5 PM. Sections were rap- 
idly rinsed following a protocol similar to the postrinse 
for the NMDA-sensitive [3H]glutamate binding assay. 

[3H] TCP binding. PCP receptors were labeled with 
fjH]TCP (8, 31). Sections were prerinsed for 30 min at 
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4°C in 50 mM Tris-acetate, pH 7.4, and dried. Sections 
were incubated for 45 min at 4°C in the same buffer 
containing 30 nM [3H]TCP and 1 mM M$+. This con- 
centration of magnesium maximally enhances [3H]TCP 
binding (8). Nonspecific binding was determined in the 
presence of 200 PMTCP and at 30 nM [3H]TCP it repre- 
sented less than 15% of total binding at all ages. In satu- 
ration studies, the incubation buffer included 20 nM 
[3H]TCP and varying concentrations of unlabeled TCP, 
giving final total TCP concentrations ranging from 20 
nM to 1 PM. Sections were rinsed for 1 min 3 times in 50 
mM Tris-acetate (4”C, pH 7.4) containing 1 mM Mg2+ 
and dried. 

Autoradiogram generation and data analysis. Sec- 
tions were apposed to [3H]sensitive Ultrofilm (LKB), 
placed in an X-ray cassette for 3-8 weeks, and devel- 
oped. A set of tritium standards (Amersham) calibrated 
against brain pastes with known amounts of radioactiv- 
ity was coexposed with each film. Analyses of regional 
brain binding densities were determined densitometri- 
tally using a microcomputer-based video densitometer 
system (Imaging Research, St. Catherines, Ontario). Au- 
toradiogram optical densities produced by labeled sec- 
tions were compared to densities produced by calibrated 
standards and transformed to picomoles/milligram 
protein values using a computer-generated fourth order 
polynomial regression analysis. Regional brain binding 
densities (10 readings/brain region/section, bilaterally) 
were determined in three sections representing total 
binding and three sections representing nonspecific 
binding for each animal/receptor assay. Total specific 
binding was calculated as the difference between mean 
total and nonspecific binding for each animal. Values 
for animals at each age were averaged and are presented 
as means + SEM. Quantitative pseudo-color transfor- 
mations of autoradiograms were prepared using a com- 
puter-based densitometer system. 

Materials. L-[3H]Glutamate and [3H]glycine were 
purchased from Amersham. [3H]TCP was purchased 
from DuPont. Unlabeled L-glutamate, NMDA, glycine, 
kainate, and strychnine were purchased from Sigma. 
Quisqualate (synthetic) was purchased from Cambridge 
Research Biochemicals. 

RESULTS 

NMDA Recognition Sites 

In both laminae of the CA, subfield, the developmen- 
tal profile of NMDA-sensitive [3H]glutamate binding 
was similar although binding densities were always 
greater in SR compared with those in SO (Fig. IA, Fig. 
2). In SR, binding densities were 50% of adult values by 
PND 1 and increased slightly through PND 7 (Fig. 3). 
Binding rose markedly from PND 7 through PND 14 

and at this age exceeded corresponding adult values by 
50%. Binding remained elevated through PND 28 and 
then declined to adult levels (Table 1). 

The ontogenic profiles of NMDA-sensitive [3H]- 
glutamate binding in SO and SR of area CA, were simi- 
lar, with lower levels consistently present in SO (Fig. 4). 
In both laminae, the pattern of absolute binding densi- 
ties between PND 1 and 7 paralleled densities in corre- 
sponding laminae of area CA, (Fig. 2). However, maxi- 
mal binding densities were reached earlier in area CA,. 
Binding exceeded adult values in both laminae between 
PND 10 and PND 28 and then declined. 

In contrast to areas CA, and CA,, a different develop- 
mental pattern of NMDA-sensitive [3H]glutamate bind- 
ing was found in SMDG (Figs. 2 and 5). Binding was 
20% of adult values at PND 1 and there was a greater 
increase in binding from PND 1 to PND 4. Adult levels 
were present by PND 10; however, maximal binding was 
not attained until PND 28. The largest overshoot of 
NMDA-sensitive [3H]glutamate binding observed in 
any hippocampal area was found in the subiculum (Fig. 
6). Adult values were present at PND 7 and binding 
exceeded adult values between PND 7 and PND 28. 
Maximal binding was observed between PND 10 (210% 
of adult values) and PND 14 (220% of adult values). 
However, in contrast to other hippocampal areas, bind- 
ing declined rapidly from PND 14 to PND 21. Scatchard 
analysis of NMDA-sensitive [3H]glutamate binding in- 
dicated that the developmental changes in binding re- 
flect mainly changes in the number of NMDA recogni- 
tion sites (Table 2). The developmental pattern of 
[14C]glutamate binding to NMDA receptors in the hip- 
pocampus was similar to that of [3H]glutamate (Fig. 7). 

Glycine Modulatory Site and PCP Receptors 

The developmental patterns of strychnine-insensi- 
tive [3H]glycine binding to glycine receptors and [3H]- 
TCP binding to PCP receptors were very similar to each 
other but distinct from the pattern of NMDA recogni- 
tion site binding. In contrast to the characteristic rapid 
increase in NMDA recognition sites after PND 7, both 
glycine and PCP receptor binding developed more grad- 
ually in corresponding hippocampal areas (Figs. 3-6). 
Unlike NMDA recognition site binding, transient over- 
shoots of glycine and PCP receptor binding were not the 
norm. There was a trend, although not significant, for 
strychnine-insensitive [3H]glycine binding to exceed 
adult densities near PND 28 in all hippocampal regions. 
PCP receptor binding was not overexpressed in any 
hippocampal region. In both laminae of areas CA, and 
CA,, the patterns of glycine and PCP receptor binding 
were similar although the absolute levels of binding 
were greater in SR than SO. Adult densities of glycine 
and PCP receptor binding were reached slightly earlier 
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FIG. 2. Comparison of the development of NMDA-sensitive 
[3H]glutamate binding in stratum radiatum (s. rad.) of hippocampal 
subfields CA, and CA,, stratum moleculare of the dentate gyrus (s. 
mol. DG), and subiculum. Data are expressed as means f SEM in 
pmol bound relative to protein (n = 4/age except PND 21, n = 3). The 
ontogenic profiles of binding were significantly different between 
brain hippocampal regions (P < 0.001, two-way ANOVA). Receptor 
binding assays were carried out as described under Materials and 
Methods. 

in area CA, (PND 10) compared with area CA, (between 
PND 14 and 21). In stratum moleculare of dentate 
gyrus, glycine and PCP receptor binding increased 
steadily from PND 1 through PND 21 when adult values 
were reached. In the subiculum, both glycine and PCP 
receptor binding reached adult values by PND 10. 
Scatchard analysis of both strychnine-insensitive [3H]- 
glycine binding and [3H]TCP binding indicated that the 
developmental changes observed reflect mainly alter- 
ations in the number of binding sites (Table 2). 

DISCUSSION 

In this study, we have characterized the postnatal de- 
velopment of the three receptor components that con- 
stitute the NMDA receptor channel complex using 
quantitative receptor autoradiography. The results indi- 
‘cate that the binding to the three receptor components 
constituting the NMDA receptor complex is differen- 
tially expressed during postnatal development in the rat 

hippocampus. The ontogenic changes in each receptor 
appear to reflect changes mainly in the number of re- 
ceptors rather than in the ligand-receptor affinity since 
Scatchard analyses of the data in PND 7 and adult ani- 
mals indicated changes in I?,, and not in I&,. Develop- 
mental alterations in the levels of endogenous receptor 
ligands are unlikely to explain the ontogenic and re- 
gional differences in receptor binding since these fac- 
tors would be expected to alter receptor affinity. The 
affinity reported for [3H]TCP binding in this study is 
similar to that of previous autoradiography studies (31) 
but is lower than that observed in homogenate studies. 

The developmental patterns of binding to the recep- 
tor components of the NMDA receptor channel com- 
plex differed markedly among the six hippocampal re- 
gions. Several consistent developmental differences in 
binding between hippocampal regions were observed in- 
cluding the rate at which binding increased, the age 
when adult levels were reached, the age of peak binding, 
the magnitude of the overshoot of binding, and the 
length of time the overshoot was present. For instance, 
binding to each receptor component in both SO and SR 
of area CA, reached adult levels earlier than binding in 
corresponding laminae in area CA, (Fig. 2). These devel- 
opmental patterns are consistent with the delayed 
neurogenesis, afferent lamination, and electrophysiolog- 
ical characteristics of area CA, relative to area CA, (5, 
29, 57). The slower development of binding in SMDG 
relative to other hippocampal regions correlates with 
the late maturation of this area in terms of neurogene- 
sis, afferent lamination, synaptogenesis, and develop- 
ment of LTP (5,11, 13,28). 

In general, the ontogenic profiles of glycine and PCP 
receptor binding were very similar to each other al- 
though [3H]glycine binding tended to exceed adult lev- 
els between PND 21 and PND 90, whereas transient 
overexpression of [3H]TCP binding did not occur. In 
general, [3H]glycine and [3H]TCP binding increased 
from birth and plateaued at adult values by PND 14. In 
contrast, NMDA-sensitive [3H]glutamate binding was 
markedly overexpressed in all hippocampal regions; 
binding to NMDA recognition sites peaked earlier, 
lasted longer, and was of greater magnitude than bind- 
ing to the other receptor components. In general, bind- 
ing increased slowly between PND 1 and PND 7, after 
which binding increased rapidly to adult densities be- 
tween PND 7 and PND 14. Transient overshoots of 

FIG. 1. Representative quantitative pseudo-color autoradiograms of (A) NMDA-sensitive [3H]glutamate (100 n&f) binding to NMDA 
recognition sites, (B) strychnine-insensitive [3H]glycine (100 n&f) binding to glycine modulatory sites, and (C) [3H]TCP (30 r&f) binding to 
PCP receptors in hippocampi from PND 1.4, 7, 10, 14, 21, and 28 rats. Note that the color scale bars in A, B, and C are different. Receptor 
binding assays were conducted as described under Materials and Methods. Abbreviations: SO, stratum oriens; SR, stratum radiatum; SMDG, 
stratum moleculare dentate gyrus; SUB, subiculum dorsalis. 
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FIG. 3. Comparison of postnatal developmental profiles of 
NMDA-sensitive [3H]glutamate binding to NMDA recognition sites, 
strychnine-insensitive [3H]glycine binding to glycine modulatory 
sites, and [3H]TCP binding to PCP receptors in (A) stratum oriens 
and (B) stratum radiatum of the CA, hippocampal subfield. Data are 
expressed as percentage of adult values = PND 90 (mean + SEM, n 
= I/age except PND 21, n = 3). All animals were assayed at the same 
time and each receptor type was labeled in adjacent serial sections. 
Receptor binding assays were conducted as described under Mate- 
rials and Methods. Adult binding densities are summarized in Table 
1. The developmental profile of NMDA recognition site binding in 
both stratum oriens (A) and stratum radiatum (B) differed signifi- 
cantly from the corresponding profiles of both glycine and PCP re- 
ceptor binding (P < 0.0001, two-way ANOVA, NMDA vs glycine or 
PCP receptor binding by age). The ontogenic patterns of glycine and 
PCP receptor binding did not differ significantly (P = n.s., two-way 
ANOVA, (Y = 0.05). NMDA recognition site binding in both stratum 
oriens (A) and stratum radiatum (B) was significantly greater than 
corresponding adult values at PND 14,21, and 28 (a = 0.05, ANOVA 
with post-hoc Scheffe F test > 4.2 at PND 14,21, and 28). *P < 0.01, 
**P < 0 005 ***P < 0.001, two-tailed independent t test, NMDA vs . , 
both glycine and PCP receptor binding at the same age. 

binding were most common between PND 10 and PND 
28; then binding decreased to adult levels. 

The low-energy /3 particles emitted by tritium are at- 
tenuated more by white matter than by grey matter (2, 
27, 52). Thus, it may be argued that the transient in- 
crease of NMDA receptor component binding may re- 
flect developmental changes in myelination. However, 
the developmental profile of NMDA-sensitive [14C]- 
glutamate binding was similar to that of [3H]glutamate 

binding, indicating that the transient increase in bind- 
ing is not the result of myelination occurring during late 
postnatal development (Fig. 7). Although, myelination 
may alter the developmental profile of binding slightly, 
it will not influence comparisons of binding to the indi- 
vidual NMDA receptor components within the same 
brain region. 

Previous Developmental Studies of NMDA Receptors 

Since the completion of these studies, several groups 
have examined independently the development of single 
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FIG. 4. Comparison of postnatal developmental profiles of 
NMDA-sensitive [‘HIglutamate binding to NMDA recognition sites, 
strychnine-insensitive [3H]glycine binding to glycine modulatory 
sites, and [‘H]TCP binding to PCP receptors in (A) stratum oriens 
and (B) stratum radiatum of the CA, hippocampal subfield. Data are 
expressed as percentage of adult values = PND 90 (mean + SEM, n 
= 4/age except PND 21, n = 3). Development of NMDA recognition 
site binding in stratum oriens (A) and stratum radiatum (B) differed 
significantly from the developmental pattern of both glycine and 
PCP receptor binding in corresponding areas (P < 0.001, two-way 
ANOVA, NMDA vs glycine or PCP receptor binding by age). Ontog- 
eny of glycine and PCP receptor binding differed significantly in both 
laminae (P < 0.05, two-way ANOVA, glycine vs PCP by age). NMDA 
recognition site binding was significantly greater than corresponding 
adult densities at PND 10 and 14 in (A) stratum oriens and at PND 
10, 14, 21, and 28 in (B) stratum radiatum (a = 0.05, ANOVA with 
post-hoc Scheffe F test > 4.5 at each of these ages). **P -c 0.005, ***P 
< 0.001, two-tailed independent t test, NMDA vs both glycine and 
PCP receptor binding at the same age. 
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FIG. 5. Comparison of the postnatal developmental profiles of 
NMDA-sensitive [3H]glutamate binding to NMDA recognition sites, 
strychnine-insensitive [3H]glycine binding to glycine modulatory 
sites, and [3H]TCP binding to PCP receptors in stratum moleculare 
of the dentate gyrus. See legend to Fig. 2 and Materials and Methods 
for other details. Ontogeny of NMDA recognition site binding was 
significantly different than the development of both glycine and PCP 
receptor binding (P < 0.001, two-way ANOVA, NMDA vs glycine or 
PCP receptor binding by age). The developmental patterns of glycine 
and PCP receptor binding did not differ significantly (P = n.s., two- 
way ANOVA, glycine vs PCP by age, 01 = 0.05). *P < 0.01, **P < 0.005, 
***P i 0.001, two-tailed independent t test, NMDA vs both glycine 
and PCP receptor binding at the same age. 

components of the NMDA receptor channel complex. 
Tremblay et al. (65) initially described a transient in- 
crease in NMDA-sensitive [3H]glutamate binding in the 
rodent hippocampal CA, subfield (stratum radiatum) 
using both frozen sections and tissue homogenates. In 
the autoradiographic study, a very broad developmental 
peak of binding was observed that exceeded adult values 
between PND 4 and 10. The discrepancies between the 
Tremblay study and our study with regard to the timing 
of the transient increase in NMDA receptor binding and 
the timing of the decrease to adult levels may reflect 
several methodologic differences including differences 
in preincubation and incubation conditions and the 
strain of rats. In contrast to the study by Tremblay et al. 
(65), the developmental pattern of NMDA-sensitive 
[3H]glutamate binding we observed matches closely 
with a similar autoradiographic study of NMDA-sensi- 
tive [3H]glutamate binding in rodent forebrain by Insel 
et al. (22). Overexpression of NMDA receptors have also 
been reported in postnatal human brain (26,54). 

The developmental expression of strychnine-insensi- 
tive [3H]glycine binding observed in the present study is 
similar to the developmental pattern of glycine modula- 
tory site binding recently reported in another study us- 
ing a synaptosomal preparation from whole rat fore- 
brain (58). The gradual increase in [3H]TCP binding 
from birth through PND 14 in the absence of a transient 
developmental peak observed in the CA, and CA, hip- 
pocampal subfields in our study is similar to the develop- 

ment of [3H]MK-801 binding to PCP receptors in a syn- 
aptosomal preparation of rodent hippocampus (43). 
Thus, our results are consistent with other studies of 
the NMDA receptor complex in the developing rat 
brain. 

Possible Mechanisms Contributing to the Relative 
Overexpression of NMDA Recognition Site Binding 

The relative overexpression of NMDA recognition 
site binding compared with glycine and PCP receptor 
binding may be related to several mechanisms or combi- 
nation of mechanisms. Differential developmental ex- 
pression of NMDA receptor complexes with varying ra- 
tios of component receptors could contribute to the rela- 
tive overexpression of NMDA recognition sites. It is 
likely that multiple subclasses of NMDA receptor chan- 
nel complexes exist as previously demonstrated for 
other macromolecular receptor channel complexes (1, 
12,16,60); several biochemical and electrophysiological 
studies support this hypothesis (6a, 14,15,34,42,48,49, 
56, 61, 62). Alternatively, the glutamate binding assay 
used in this study may only label a subset of NMDA 
receptors that has a pattern of development that is dif- 
ferent from glycine and PCP receptor binding. Region- 
ally and pharmacologically distinct agonist and antago- 
nist preferring NMDA receptor complexes exist (42) 
and the glutamate binding assay used in this study may 
preferentially label one subset of binding sites. Develop- 
mental exposure of cryptic NMDA recognition sites 
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FIG. 6. Comparison of postnatal developmental profiles of 
NMDA-sensitive [3H]glutamate binding to NMDA recognition sites, 
strychnine-insensitive [3H]glycine binding to glycine modulatory 
sites, and [aH]TCP binding to PCP receptors in the subiculum dorsa- 
lis. See legend to Fig. 2 and Materials and Methods for other details. 
The developmental pattern of NMDA recognition site binding was 
significantly different than development of either glycine or PCP re- 
ceptor binding (P < 0.001, two-way ANOVA, NMDA vs glycine or 
PCP receptor binding by age). The developmental patterns of glycine 
and PCP receptor binding were similar (P = n.s., two-way ANOVA, 
glycine vs PCP by age, 01= 0.05). ***P < 0.001, two-tailed independent 
t test, NMDA vs both glycine and PCP receptor binding at the same 
age. 
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TABLE 2 

Comparison of Parameters of NMDA-Sensitive [3H]Glutamate, Strychnine-Insensitive [3H]Glycine, 
and [‘H]TCP Binding in SR CA, of PND 7 and Adult Rats 

NMDA-sensitive Strychnine-insensitive 
[3H]glutamate binding [‘Hlglycine binding [3H]TCP binding 

PND 7 
Ko Wf) 147 + 39 191 I? 21 110 + 19 
B, (pmol/mg protein) 3.6 -t 0.2 3.5 + 0.2 0.64 +- 0.09 

Adult 
KD (nM) 156 k 29 196 f 10 102 k 21 
LX 8.8 k 0.3 6.2 f 0.04 2.1 f 0.19 

Note. Scatchard analyses of saturation isotherms were performed as described under Materials and Methods. Values represent specific 
binding (mean f SEM, n = I/assay). 

could also contribute to the relative overexpression of 
NMDA recognition site binding. The effective coupling 
of NMDA recognition sites to glycine and PCP recep- 
tors appears not to change during development (58,59) 
and therefore is not likely to contribute to the relative 
overexpression of NMDA recognition site binding. De- 
velopmental changes in non-NMDA receptors or gluta- 
mate uptake sites are not likely to substantially contrib- 
ute to the apparent relative overexpression of NMDA 
receptors since the binding of glutamate to these sites is 
inhibited under the experimental conditions and 
NMDA receptor binding was determined as the amount 
of glutamate binding selectively displaced by NMDA. 
Whatever the mechanism, the developmental dissocia- 
tion of binding to the component receptors of the 
NMDA receptor complex is consistent with previous bio- 
chemical studies that indicate that the maximal densi- 
ties of NM-DA, glycine, and PCP receptors can be indi- 
vidually regulated (36, 38,40, 67). 

Relationships Between Developmental Changes in 
NMDA Receptor Binding and Physiology 

The physiological relevance of the overexpression of 
NMDA recognition site binding relative to binding to 
the other components of the NMDA receptor complex is 
unclear. However, the temporal overexpression of 
NMDA recognition site binding correlates with the de- 
velopment of several anatomical and physiological pa- 
rameters. In the hippocampus, cellular differentiation 
and synaptogenesis are not complete at birth and these 
processes mature throughout postnatal development. 
In rodent areas CA, and CA,, the relative postnatal 
growth of the comissural/associational terminal fields 
and elaboration of SR pyramidal dendrites occur most 
rapidly during the second postnatal week and these 
changes parallel the maximal rate of change in NMDA 
recognition site binding (29,4I, 50). The development of 
SMDG NMDA recognition sites parallels SMDG syn- 

aptogenesis (11). The greatest increase in synaptic den- 
sity occurs between PND 4 and PND 11 with a slower 
rise to maximal synaptic densities at PND 25 (compare 
with Fig. 5). Also, dendritic growth and afferent lamina- 
tion of the entorhinal terminal zone (stratum molecu- 
lare) of the dentate gyrus increase most rapidly between 
PND 4 and 10 and then rise more slowly to adult val- 
ues (28). 

The ontogeny of the receptor components that con- 
stitute the NMDA receptor channel complex may relate 
to several developmental changes in the physiology of 
EAA receptors. Postsynaptic excitation relative to inhi- 
bition predominates during the first postnatal weeks of 
hippocampal development as does enhanced seizure sus- 
ceptibility (18, 20, 51, 57, 63). In area CA,, superfusion 
of NMDA elicits recurrent synchronized burst activity; 
the epileptogenic effect of NMDA increases from PND 
1 to PND 10 (24), which coincides with the development 
of NMDA receptor binding. Also, the susceptibility to 
convulsant-induced epileptiform activity increases 
from PND 4-6 to PND 14-16 (63). Specific NMDA re- 
ceptor antagonists block this seizure activity (6). Devel- 
opmental changes also occur in the chemosensitivity of 
CA, pyramidal neurons to NMDA (19). The occurrence 
of maximal responses to NMDA between PND 12 and 
30 in SR corresponds closely with the period of overpro- 
duction of NMDA receptors in this area (Fig. 3B). Fur- 
thermore, the ontogeny of area CA, NMDA-sensitive 
[3H]glutamate binding parallels the development of 
LTP, an experimental model of learning and memory. 
In area CA,, the capacity for LTP is weak during the 
first postnatal week and increases until PND 15 when it 
transiently exceeds adult values (20). In the dentate 
gyrus, development of LTP is delayed with respect to 
area CA,, increasing through the first 3 postnatal weeks 
and transiently peaking near PND 30, which is consis- 
tent with the delayed development of synaptic input and 
expression of NMDA recognition sites in dentate gyrus. 
These parallel findings between developmental expres- 
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FIG. 7. Representative autoradiograms of the developmental expression of NMDA-sensitive [“C]glutamate binding in rat hippocampus. 
Numbers indicate the postnatal age of the animals from which the autoradiograms were generated. Sections were incubated with 100 r&f 
[“C]glutamate in 50 m&f Tris-acetate (pH 7.2,4’C) containing 2.5 ptM quisqualate and 1 wjlf kainate. The developmental pattern of [“Cl- 
glutamate binding is similar to that of the corresponding [3H]glutamate binding (see Fig. 1). 

sion of NMDA recognition sites and LTP are intriguing 
since NMDA receptors play a critical role in formation 
of LTP (for review see Ref. (45)). 

The susceptibility of the developing rodent brain to 
NMDA-mediated neurotoxicity transiently peaks near 
PND 7 (23, 35, 40), after which toxicity decreases rap- 
idly to adult values by PND 14. However, this pattern 
does not correlate with the absolute number of hippo- 
campal NMDA receptors that peak between PND 10 
and 28. The enhanced NMDA toxicity at PND 7 relates 
to the age at which NMDA-sensitive [3H]glutamate 
binding begins to rapidly increase. Several other devel- 

opmental factors may contribute to the transient en- 
hanced toxicity of NMDA at PND 7. 

EAA neurotransmitters participate in several devel- 
opmental processes in addition to neurotransmission, 
such as regulation of neuronal growth and survival, syn- 
aptogenesis, and regulation of activity-dependent syn- 
aptic plasticity and LTP (3, 9, 32, 40, 45, 47). However 
overactivation of NMDA receptors can also produce 
neuronal injury (35, 37, 40). Thus an optimum level of 
excitation is required for normal development to pro- 
ceed, too little activity could possibly delay or disrupt 
neuronal development and excessive activity could pro- 
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duce neuronalinjury (40). Since, EAA receptors appear 13. 
to regulate synaptic plasticity and development of neu- 
ronal circuitry (32, 40), the ontogenic changes in the 
expression of the NMDA receptor components may re- 

14 
* 

late to and/or regulate changes in synaptic plasticity, 
synaptogenesis, neuronal circuitry, and susceptibility to 15. 
certain neurological diseases. 
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