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Abstract
Previously, we reported that a critical period in respiratory network development exists in rats
around postnatal days P12-13, when abrupt neurochemical, metabolic, and physiological changes
occur. Specifically, the expressions of glutamate and NMDA receptor (NR) subunit 1 in the pre-
Bötzinger complex (PBC), nucleus ambiguus (Amb), hypoglossal nucleus (XII), and ventrolateral
subnucleus of solitary tract nucleus (NTSVL) were significantly reduced at P12. To test our
hypothesis that other NR subunits also undergo postnatal changes, we undertook an in-depth
immunohistochemical study of NR2A, 2B, 2C, 2D, and 3B in these four respiratory nuclei in P2-
P21 rats, using the non-respiratory cuneate nucleus (CN) as a control. Our results revealed that: 1)
NR2A expression increased gradually from P2 to P11, but fell significantly at P12 in all four
respiratory nuclei (but not in the CN), followed by a quick rise and a relative plateau until P21; 2)
NR2B expression remained relatively constant from P2 to P21 in all five nuclei examined; 3)
NR2C expression had an initial rise from P2 to P3, but remained relatively constant thereafter
until P21, except for a significant fall at P12 in the PBC; 4) NR2D expression fell significantly
from P2 to P3, then plateaued until P12, and declined again until P21; and 5) in contrast to NR2D,
NR3B expression rose gradually from P2 to P21. These patterns reflect a dynamic remodeling of
NMDA receptor subunit composition during postnatal development, with a distinct reduction of
NR2A expression during the critical period (P12), just as NR1 did in various respiratory nuclei.
There was also a potential switch between the neonatal NR2D and the more mature NR3B
subunit, possibly around the critical period. Thus, during the critical period, NMDA receptors are
undergoing greater adjustments that may contribute to attenuated excitatory synaptic transmission
in the respiratory network.
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A critical period of postnatal development in the respiratory network of rats was
characterized in our previously studies (Liu and Wong-Riley, 2002; Liu et al., 2003; Liu and
Wong-Riley, 2003; Liu and Wong-Riley, 2005; Wong-Riley and Liu, 2005; Liu et al., 2006;
Wong-Riley and Liu, 2008; Liu et al., 2009). This is a narrow window at the end of the
second postnatal (P) week (around P12-13), when abrupt neurochemical, metabolic, and
physiological changes occur in the brain stem respiratory network. During this time, there is
a transient imbalance between the expressions of excitatory and inhibitory neurochemicals,
such that the levels of inhibitory neurotransmitters (GABA) and receptors (GABAB and
glycine receptors) are significantly increased, whereas those of the excitatory ones
(glutamate and N-methyl-D-aspartate or NMDA receptor subunit 1) precipitously fall. At the
same time, there is a sudden decrease in the activity of a metabolic marker of neuronal
activity, cytochrome oxidase, in various respiratory nuclei (Liu and Wong-Riley, 2002; Liu
et al., 2003; Liu and Wong-Riley, 2003; Liu and Wong-Riley, 2005; Wong-riley and Liu,
2005; 2008), and the animals’ ventilatory and metabolic responses to hypoxia are also at
their weakest (Liu et al., 2006; 2009).

To explore additional mechanisms that may underlie the critical period, we analyzed subunit
expressions of GABAA receptors that mediate the majority of fast inhibitory synaptic
interactions in the adult mammalian brain. We found that the developmental trend of α3
subunit decreases with age, whereas that of α1 increases with age, and the two intersect at
P12 (Liu and Wong-Riley, 2004; 2006). Subunit switches may underlie a change in GABAA
receptor subtype that may mediate a transition from a less efficient inhibitory transmission
before P12 to a more mature one at P12 and thereafter, as suggested by a change in the
kinetics of postsynaptic potentials during postnatal development in the thalamus and the
visual cortex (Okada et al., 2000; Bosman et al., 2002).

Possible switches in subunit composition of the excitatory glutamatergic NMDA receptors
have not been explored in brain stem respiratory nuclei. The present study aimed at testing
our hypothesis that subunits of NMDA receptors (NR) undergo distinct changes during
postnatal development, especially during the critical period in rats. An in-depth
immunohistochemical study of NR2A, NR2B, NR2C, NR2D, and NR3B were conducted in
P2 to P21 rats in the pre-Bötzinger complex (PBC, postulated as the center of respiratory
rhythmogenesis; Smith et al., 1991; Rekling and Feldman, 1998; Smith et al., 2000), the
nucleus ambiguus (Amb, which controls the upper airway muscles; Jordan, 2001), the
hypoglossal nucleus (XII, which controls the tongue muscles associated with airway
patency; Horner, 2007), and the ventrolateral subnucleus of the solitary tract nucleus
[NTSVL, which receives peripheral chemosensitive afferents (Finley and Katz, 1992) and is
involved in respiratory modulation (Paton et al., 1991; Bonham, 1995)]. The non-respiratory
cuneate nucleus (CN, a relay in the somatosensory system with no known respiratory
function) was chosen as an internal control. Results were compared with those of NR1
analyzed previously (Liu and Wong-Riley, 2002; 2005).

Materials and Methods
Tissue preparation

All experiments and animal procedures were performed in accordance with the Guide for the
Care and Use of Laboratory Animals (National Institutes of Health Publications No. 80-23,
revised 1996), and all protocols were approved by the Medical College of Wisconsin
Animal Care and Use Committee (approval can be provided upon request). All efforts were
made to minimize the number of animals used and their suffering.

A total of 132 Sprague-Dawley rats, both male and female, from 11 litters were used. Rat
pups were sacrificed at each of postnatal days P2 to P5, P7, P10-14, P17, and P21 (i.e., 12
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time points, with 11 rats per time point for NR2A and 2B, and 5 rats per time point for the
other NR subunits). Rats were deeply anesthetized with 4% chloral hydrate (1 ml/100 g IP;
Fisher Scientific, Fair Lawn, NJ) and perfused through the aorta with 4%
paraformaldehyde-4% sucrose in 0.1 M sodium phosphate buffered saline (PBS), pH 7.4.
Brain stems were then removed and postfixed in the same fixative for 3 h at 4°C. They were
subsequently cryoprotected by immersion in increasing concentrations of sucrose (10, 20,
and 30%) in 0.1 M PBS at 4°C, then frozen on dry ice, and stored at −80°C until use.

Antibody characterization
Table 1 shows a brief summary of the antibodies used in the present study. All five
antibodies (anti-NR2A, anti-NR2B, anti-NR2C, anti-NR2D, and anti-NR3B) have been well
characterized and their specificities established by the manufacturers and previous
investigators. The amino acid sequence of each of the synthetic peptides bore no sequence
homology with any other peptides, and there was no cross-reactivity with any other known
proteins. The anti-NR2A polyclonal antibody (AB1555P, Chemicon, Temecula, CA) was a
purified immunoglobulin raised against a C-terminal fusion protein of rat NR2A (aa
1253-1391). By western blots it recognized a 180 kDa band in rat brain membranes, and did
not react with NR2B or 2C. Immunolabeling was blocked by preadsorption of the antibody
with the immunogen. The anti-NR2B polyclonal antibody (AB1557P, Chemicon) was a
purified immunoglobulin raised against a C-terminal fusion protein of NR2B. It showed
specific immunolabeling of the 180 kDa NR2B and no reactivity to NR2A or NR2C by
western blots. The immunolabeling was blocked by preadsorption of the antibody with the
C-terminal fusion protein used to generate the antibody. The anti-NR2C polyclonal antibody
(sc-50437, Santa Cruz Biotech, Santa Cruz, CA) was raised against amino acids 21-100,
mapping near the N-terminus of NR2C of human origin. By western blots it recognized a
135 kDa band. The anti-NR2D monoclonal antibody (MAB5578, clone 1G9.39A5,
Chemicon) was raised against the C-terminal protein of rat NR2D and reacted with a band at
~145 kDa by western blots. The anti-NR3B polyclonal antibody (07-351, Upstate,
Temecula, CA) was a purified immunoglobulin raised against amino acids 916-930 of
mouse NR3B that recognized NR3B at ~98 kDa by western blots.

Immunohistochemistry
Coronal sections (12-μm thickness) of frozen brain stems were cut with a Leica CM1900
cryostat (Leica Microsystems, Heidelberger, Nussloch, Germany). Seven sets of serial
sections were mounted on gelatin-coated slides. In the same litter, sections from 3 rats at
different ages were mounted on the same slides so that they might be processed together.
Ages were grouped typically as follows: P2-10-21, P3-4-17, P5-7-14, and P11-12-13. The
first three sects showed the developmental trends, whereas the fourth set concentrated on the
critical period. Having 3 distinct ages on the same slide ensured that any changes observed
between ages were intrinsic to the animals and not as a result of unforeseen variations of
tissue processing between slides. All sections from all rats were processed under identical
conditions (i.e., time, temperature, and concentration of reagents). They were blocked
overnight at 4°C with 5% nonfat dry milk-5% normal goat serum-1% Triton X-100 in 0.1 M
PBS (pH 7.4). Sections were then incubated at 4°C for 36 h in the primary antibodies diluted
at the proper concentration (Table 1) in the same solution as used for blocking. Sections
were rinsed 3 times, 5 min each, in PBS, then incubated in the secondary antibodies: 1:100
goat anti-rabbit IgG-HRP (Bio-Rad, Hercules, CA) for NR2A, 2B, 2C, and 3B, and 1:100
goat anti-mouse IgG-HRP (Bio-Rad) for NR2D, diluted in the modified blocking solution
(without Triton X-100) for 4 h at room temperature. After rinsing twice with PBS and once
with 0.1 M ammonium phosphate buffer (APB), pH 7.0, immunoreactivity was detected
with 0.05% DAB-0.004% H2O2 in APB for 5 min, and the reaction was stopped with APB
for 5 min and then rinsed in PBS three times, dehydrated, and coverslipped. Control sections
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were processed without primary antibodies or with a non-immune serum in place of the
primary antibodies.

One set of alternate sections was reacted for neurokinin-1 receptors, using protocols
described previously (Liu and Wong-Riley, 2002).

We used a non-respiratory nucleus, the cuneate nucleus (CN), as a negative control. CN is
known for its relay function in somatosensory transduction but is not involved in respiratory
functions.

Semi-quantitative optical densitometry
The immunoreactivity of different markers in the cytoplasm of neurons in various nuclei
studied was semi-quantitatively analyzed by optical densitometric measurements of reaction
product of immunohistochemistry, performed with a Zeiss Zonax MPM 03 photometer, a
×25 objective, and a 2-μm-diameter measuring spot. White (tungsten) light was used for
illumination, and all lighting conditions were held constant for all of the measurements.
Since light intensity can directly affect optical densitometric values, a stepped density filter
(Edmund Industrial Optics, Barrington, NJ) with 10-step increments of 0.1 from 0.1 to 1,
was used to precisely adjust the intensity of the light source to a standard value identical for
all samples.

The boundary of each brain stem nucleus studied was determined with the aid of the Paxinos
and Watson’s “The Rat Brain Atlas” (Academic Press, New York, 1986). The PBC was
identifiable with the neurokinin-1 receptor labeling (Gray et al., 1999), as described in our
previous papers (Liu and Wong-Riley, 2002, 2003, 2005). The part of the nucleus ambiguus
chosen for the present study (and our previous studies, Liu and Wong-Riley, 2003, 2005,
2008) was the semicompact formation and the rostral loose formation innervating upper
airway muscles and representing pharyngolaryngomotor functions (Bieger and Hopkins,
1987). For the remaining nuclei, measurements were taken from the central main portion of
each nucleus.

The optical densitometric value of each labeled neuron in the various brain stem nuclei
studied was an average reading of two to four spots in the cytoplasm of its cell body
(avoiding the portion that any immunoreactive process crossed the cell body). Only those
neurons whose nuclei were clearly visible (i.e., sectioned through the middle of the cell
body) were measured. To avoid measuring the same neuron more than once, values were
taken from cells in sections at least 84 μm apart, as the largest neurons had a maximal
diameter of 25–30 μm, with a maximal nuclear diameter of only about 10 μm. About 100
neurons in each brain stem nucleus were measured for each marker in each rat, and a total of
about 1100 (for each of NR2A and 2B) or 500 neurons (for each of NR2C, 2D, and 3B) in
each nucleus at each age were measured. For statistical analyses, each sample’s optical
density value for each nucleus of each rat was the average of about 100 labeled neurons.
Thus, the sample number of each time point in each nucleus was eleven (for NR2A and 2B)
or five (for NR2C, 2D, and 3B) (representing the number of animals) in Figures 2, 4, 6, 8,
and 10. A total of 168,000 neurons were measured for the present study. Mean optical
density values, standard deviations, and standard errors of the mean in each nucleus at each
age were then obtained.

Statistical analysis
Statistical comparisons were made among the age groups by using one-way analysis of
variance (ANOVA) (to control for the type I comparisonwise error rate) and, when
significant differences were found, comparisons were made between one age group and its
immediately younger age group (e.g., P2 vs. P3, P3 vs. P4, and P5 vs. P7) by using Tukey’s
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Studentized range test (a post hoc multiple comparisons, to control for the type I
experimentwise error rate). Additional Tukey’s tests were done between two groups of
varying ages (not shown in graphs) within each nucleus for each NR subunit. Significance
was set at P < 0.01 for one-way ANOVA and P < 0.05 for Tukey’s test.

RESULTS
Statistical comparisons (ANOVA) of four time points: P2, P7, P12, and P21 for each
receptor subunit (NR2A-2D and 3B) in each of the five brain stem nuclei revealed no
significant differences in the percentage of labeled neurons among the ages tested. Figures 2,
4, 6, 8, and 10 show significance only between one age group and its immediately adjacent
younger age group by means of the Tukey’s test. Additional comparisons are described in
the text below.

I. NR2A-immunoreactive (-ir) neurons in the brain stem nuclei
In general, NR2A-ir products were clearly visible in subpopulations of neurons in each of
the brain stem nuclei examined (Fig. 1A-E). The size of NR2A-ir neurons increased with
age and reached a relatively stable level after P11-P12 (Fig. 1A-E). Control sections
demonstrated no specific immunoreactive product above background, and that was also true
for controls of NR2B, NR2C, NR2D, and NR3B labeling (data not shown). ANOVA
indicated significant differences (P < 0.01) in the intensity of NR2A-ir expression among
the ages in all five nuclei examined, and Tukey’s test indicated significant reductions at P12
as compared to P11 for all four respiratory nuclei tested (P < 0.01 for PBC and XII, and P <
0.05 for Amb and NTSVL) but not for CN (Fig. 2). P12 was the only time point that yielded
statistical significance when two adjacent ages were compared during the first three
postnatal weeks.

A. NR2A-ir neurons in the PBC—NR2A immunoreactivity was observed in ~ 60% -
70% of neurons in the PBC. They were small or medium in size, and multipolar, granular, or
fusiform in shape (Fig. 1A1-4). The size of small neurons ranged from 5.5 – 7 μm in
diameter at P2 to 8.5 – 12.5 μm at P21, whereas medium-sized neurons ranged from 10 – 13
μm at P2 to 13.5 – 17.5 μm at P21. Immunoreactivity was observed in the cell bodies and
proximal processes of neurons, but was at a low level in the rest of the neuropil (Fig.
1A1-4). The intensity of NR2A immunoreactivity in the somatic cytoplasm increased
gradually with age from P2 to P11, then fell significantly at P12 (P < 0.01), followed by a
slight increase at P13-14, and a gradual fall at P17 and P21 (Fig. 2A). With Tukey’s test,
there was a significant difference in labeling intensity between P3-4 and P11 (P < 0.01) and
between P11 and P21 (P < 0.01), but not between P2 and P21.

B. NR2A-ir neurons in the Amb—About 65% - 80% of Amb neurons were NR2A-ir.
Immunoreactivity was present in the cell bodies and proximal processes of neurons, but was
low in the rest of the neuropil (Fig. 1B1-4). These neurons were multipolar or oval in shape,
and mainly medium or small in size. The size of small neurons ranged from 8 – 9.5 μm in
diameter at P2 to 9.5 – 13 μm at P21, whereas medium-sized neurons ranged from 11 – 14
μm at P2 to 14 – 17 μm at P21. The intensity of NR2A labeling showed a gradual rise from
P2 to P11, then precipitously fell at P12 (P < 0.05), followed by a small rise at P13-14 and a
further fall at P17 and P21 (Fig. 2B). Tukey’s test also indicated a difference between P11
and P17 (P < 0.05) or P21 (P < 0.001).

C. NR2A-ir neurons in the XII—NR2A immunoreactivity was present in 65%- 75% of
the XII neurons. These neurons were mainly medium or large in size and multipolar or
pyramid-like in shape (Fig. 1C1-4). The size of medium neurons ranged from 12 – 15 μm in
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diameter at P2 to 16 – 21 μm at P21, whereas large neurons ranged from 16 – 20 μm at P2 to
23 – 28 μm at P21. Immunoreactivity was present in the cell bodies and proximal processes
of labeled neurons as well as in the neuropil (Fig. 1C1-4). The developmental trend of
NR2A was very similar to that in the PBC, with a gradual rise from P2 to P11, a significant
fall at P12 (P < 0.01), followed by a slight rise at P13-14, and a further but gentler decline at
P17 and P21 (Fig. 2C). Comparisons of other, non-consecutive pairs of ages with Tukey’s
indicated a significant difference between P2 and P7 or P11 (P < 0.01 for both), between
P11 and P14, P17, or P21 (P < 0.01 - P < 0.001), and between P3 and P21 (P < 0.05).

D. NR2A-ir neurons in the NTSVL—NR2A-ir was visible in about 45% ~ 70% of the
NTSVL neurons that were small in size and mainly multipolar, oval, or granular in shape
(Fig. 1D1-4). The size of small neurons ranged from 5 – 7.5 μm in diameter at P2 to 6.5 – 12
μm at P21. The developmental trend of NR2A expression in the NTSVL neurons was
comparable to those in the other three respiratory nuclei, with a gradual rise from P3 to P11,
a significant decrease at P12 (P < 0.05), followed by a small rise and a gentle fall until P21
(Fig. 2D). Tukey’s test also showed a significant difference between P3 or P4 and P11 (P <
0.05), and between P11 and P21 (P < 0.05).

E. NR2A-ir neurons in the CN—About 35% - 40% of the CN neurons exhibited NR2A-
ir in their cell bodies (Fig. 1E1-4). Labeled neurons were mainly small in size and oval,
multipolar, or granular in shape. The size of small neurons ranged from 5 – 8 μm in diameter
at P2 to 7 – 11 μm at P21, whereas medium-sized neurons ranged from 9 – 11.5 μm at P2 to
12.5 – 15.5 μm at P21. The NR2A-ir expression in the CN neurons was relatively constant
from P2 to P21, with some minor fluctuations (Fig. 2E). There were no significant day-to-
day changes, only a difference between P4 and P10 (P < 0.05), indicating a development
phase mainly during the first postnatal week.

II. NR2B-ir neurons in the brain stem nuclei
Generally, NR2B-ir products were clearly visible in subpopulations of neurons in all five
brain stem nuclei examined (Fig. 3A-E). The sizes, developmental changes, shapes, and
prevalence of labeled neurons were comparable to those of NR2A-ir neurons, and will not
be described in detail below. ANOVA failed to reveal any significant difference (P > 0.01)
in the NR2B-ir expression among the ages in all five nuclei examined.

A. NR2B-ir neurons in the PBC—About 60% - 70% of PBC neurons exhibited NR2B
immunoreactivity that was distributed mainly in the cell bodies and some proximal
processes (Fig. 3A1-4). The developmental expression of NR2B-ir in the PBC was relatively
constant, with lower levels at P2-3 and P21, and the highest level at P11, but no significant
difference between any two age groups (Fig. 4A).

B. NR2B-ir neurons in the Amb: About 65% - 80% of the Amb neurons demonstrated
NR2B-ir in their cell bodies and some proximal processes (Fig. 3B1-4). The developmental
trend was similar to that in the PBC, with fluctuations from P2 to P21 without any statistical
significance among them (Fig. 4B).

C. NR2B-ir neurons in the XII: NR2B immunoreactivity was observed in the cell bodies
and some proximal processes of ~ 70% - 90% of the XII neurons (Fig. 3C1-4). The
developmental expression of NR2B-ir in the XII was also relatively constant with some
fluctuations from P2 to P21, with higher expression at P5 and P7 than at P21 (P < 0.05 for
both) (Fig. 4C).
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D. NR2B-ir neurons in the NTSVL: There were ~ 35% - 50% of the NTSVL neurons that
exhibited NR2B-ir in their cell bodies and some proximal processes (Fig. 3D1-4). The
expression was relatively constant throughout the first three postnatal weeks, with slightly
lower values in the first week and higher values thereafter until P21 (Fig. 4D). There was no
significant difference between any two age groups.

E. NR2B-ir neurons in the CN: NR2B immunoreactivity was present in about 50% - 80%
of the CN neurons and was mainly in their cell bodies and some proximal processes (Fig.
3E1-4). The expression was relatively constant, with lower levels at P2-4 and P21, and
higher level at P11-12, but no significant difference between any two age groups (Fig. 4E).

III. NR2C-ir neurons in the brain stem nuclei—NR2C immunoreactivity was clearly
observed in subpopulations of neurons in each of the brain stem nuclei examined (Fig. 5A-
E). Labeling was present in the cell bodies and proximal processes of neurons and in the rest
of the neuropil. The size of labeled neurons increased with age and reached a relatively
stable level after P10-P11. The shapes and sizes of immunoreactive neurons were similar to
those with NR2A-ir, and will not be described in detail below. Generally, the developmental
trends of NR2C-ir in the five nuclei examined were similar, with the lowest level at P2, an
increase (with or without statistical significance) at P3, followed by a plateau thereafter. A
clear exception was the PBC, where a significant reduction in NR2C-ir occurred at P12 (P <
0.05). ANOVA revealed significant differences (P < 0.01) in the NR2C-ir expression among
the ages in the PBC and XII, and Tukey’s test indicated a significant reduction at P12 for the
PBC and a significant rise at P3 for the PBC and XII (Fig. 6A and 6C).

A. NR2C-ir neurons in the PBC: About 60% - 80% of the PBC neurons demonstrated
NR2C-ir in their cell bodies and some proximal processes (Fig. 5A1-4). Generally, the
expression of NR2C-ir in the PBC neurons increased with age, with a significant rise at P3
(P < 0.05) and a significant difference between P2 or P3 and P11 (P < 0.01-0.001).
However, there was also a significant fall at P12 (P < 0.05) (Fig. 6A). In addition, the
increase in labeling from P2 to P21 was significant (P < 0.01).

B. NR2C-ir neurons in the Amb: NR2C immunoreactivity was present in about 70% -
80% of the Amb neurons and was distributed mainly in their cell bodies and some proximal
processes (Fig. 5B1-4). The expression was the lowest at P2, with a statistically insignificant
rise at P3, followed by a plateau until P21 (Fig. 6B).

C. NR2C-ir neurons in the XII: Approximately 70% - 85% of the XII neurons exhibited
NR2C immunoreactivity in their cell bodies and some proximal processes (Fig. 5C1-4). The
expression was the lowest at P2, with a significant rise at P3 (P < 0.05), followed by a
plateau until P21 (Fig. 6C).

D. NR2C-ir neurons in the NTSVL: NR2C-ir was observed in about 50% - 60% of the
NTSVL neurons (Fig. 5D1-4). The expression gradually increased from P2 to P10, then
exhibited a statistically insignificant reduction at P11-P12, followed by a plateau thereafter
until P21 (Fig. 6D). There were no significant differences between any two age groups.

E. NR2C-ir neurons in the CN: NR2C-ir was observed in about 60% - 75% of the CN
neurons (Fig. 5E1-4). The expression was lowest at P2, but remained relatively constant
from P2 to P21 (Fig. 6E). The only significant difference among all the age groups was
between P2 and P13 (P < 0.05).
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IV. NR2D-ir neurons in the brain stem nuclei—Immunoreactivity for NR2D was
clearly observed in subpopulations of neurons in each of the brain stem nuclei examined. It
was distributed mainly in the cell bodies and some proximal processes, as well as in the
neuropil (Fig. 7A-E). The sizes and shapes of NR2D-ir neurons were similar to those with
NR2A-ir, and will not be described in detail below. The expression of NR2D in all five
nuclei examined shared similar developmental trends, with the highest level at P2, declining
significantly at P3 (not significant for CN), followed by a plateau until P12, at which a
further decrease ensued through P17-21 (Fig. 8A-E). ANOVA yielded significant
differences (P < 0.01) among the ages in each of the nuclei examined, and Tukey’s test
indicated a significant reduction at P3 for the PBC, Amb, XII, NTSVL, and another
significant reduction at P17 for the XII and CN (Fig. 8A-E).

A. NR2D-ir neurons in the PBC: NR2D-ir was observed in about 50% - 60% of the PBC
neurons and was distributed mainly in their cell bodies and some proximal processes (Fig.
7A1-4). The expression decreased progressively with age, with a significant reduction at P3
(P < 0.05) and a statistically insignificant rise at P12 (Fig. 8A). Additional Tukey’s test
revealed significant differences between P2 and P11, between P2 or P3 and P21, and
between P12 and P21 (P < 0.001 for all).

B. NR2D-ir neurons in the Amb: About 65% - 85% of the Amb neurons demonstrated
NR2D-ir in their cell bodies and some proximal processes (Fig. 7B1-4). The developmental
trend of immunoreactivity was comparable to that in the PBC, including a general decline
with age, a significant reduction at P3 (P < 0.05), and a statistically insignificant rise at P12
(Fig. 8B). Additional Tukey’s comparisons showed significant differences between the same
age groups as described above for the PBC.

C. NR2D-ir neurons in the XII: NR2D immunoreactivity was observed in about 60% -
75% of the XII neurons and was distributed in their cell bodies and some proximal processes
(Fig. 7C1-4). The expression was significantly decreased at P3 and P17 (P < 0.01 for both),
but a rise at P12 was statistically insignificant (Fig. 8C). The age-dependent decline in
labeling intensity was verified by further Tukey’s test, which showed significant differences
between the same age groups as described above for the PBC. In addition, there was also a
significant difference between P12 and P17 (P < 0.01).

D. NR2D-ir neurons in the NTSVL: NR2D-ir was exhibited in ~ 40% - 55% of the NTSVL
neurons (Fig 7D1-4). The expression was significantly reduced at P3 (P < 0.001), followed
by a gradual decline until P21, except for statistically insignificant rises at P10-P11 and P13
(Fig. 8D). There were statistically significant differences between P2 or P3 and P21 (P <
0.01-0.001), as well as between P2 and P7 (P < 0.001) and between P10 and P21 (P < 0.01).

E. NR2D-ir neurons in the CN: About 40% - 65% of the CN neurons demonstrated NR2D
immunoreactivity (Fig. 7E1-4). The trend was a general decline with age, especially
between P2 and P4 and between P12 and P17, with a statistically insignificant rise at P12.
The fall from P14 to P17 was significant (P < 0.05) (Fig. 8E). Additional Tukey’s
comparisons revealed significant differences between the same age groups as described
above for the XII.

IV. NR3B-ir neurons in the brain stem nuclei—NR3B-ir was present in
subpopulations of neurons in each of the brain stem nuclei examined. It was distributed
mainly in their cell bodies and some proximal processes, as well as in the rest of the neuropil
(Fig. 9A-E). The sizes and shapes of NR2D-ir neurons shared common features as described
above, and will not be elaborated below. Generally, the intensity of NR3B-ir expression in
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the PBC, Amb, XII, and NTSVL increased with age, with a statistically insignificant
reduction at P3 (except for NTSVL) and P12, whereas that in the CN was relatively constant,
with only minor fluctuations (Fig. 10A-D). ANOVA revealed significant differences (P <
0.01) among the ages in the PBC, Amb, XII, and NTSVL, indicating a general rise with age,
but Tukey’s test failed to yield a statistical significance in any comparison between pairs of
adjacent age groups, indicating that the change was gradual (Fig. 10A-E). Additional
Tukey’s comparisons are described below.

A. NR3B-ir neurons in the PBC: NR3B immunoreactivity was observed in about 60% -
80% of the PBC neurons (Fig. 9A1-4). The distribution was mainly in the cell bodies and
some proximal processes. There was a statistically insignificant dip at P3 followed by a
gradual increase until P21 (Fig. 10A). Additional Tukey’s test revealed a significant
difference between P2 and P21 (P < 0.05) and between P3 and P21 (P < 0.001).

B. NR3B-ir neurons in the Amb: About 70% - 85% of the Amb neurons exhibited NR3B-
ir in their cell bodies and proximal processes (Fig. 9B1-4). The developmental trend of
immunoreactivity was similar to that in the PBC, with a statistically insignificant reduction
at P3 followed by gradual increase until P21 (Fig. 10B). Additional Tukey’s analysis
showed the same level of significant differences between P2 or P3 and P21 as those in the
PBC.

C. NR3B-ir neurons in the XII: NR3B-ir was present in 75% - 85% of the XII neurons
(Fig. 9C1-4). The developmental trend was a general increase with age, but with a striking
but statistically insignificant fall at P12 (Fig. 10C). Additional Tukey’s analysis showed the
same level of significant differences between P2 or P3 and P21 as those in the PBC.
Moreover, there was also a significant difference between P3 and P10 (P < 0.001).

D. NR3B-ir neurons in the NTSVL: NR3B-ir was observed in ~ 40% - 60% of the NTSVL
neurons (Fig. 9D1-4). The expression exhibited the lowest value at P2, a gradual increase
until P10, followed by a plateau thereafter until P21 (Fig. 10D). The main statistically
significant differences were between P2 and P4 (P < 0.05) and between P2 and P10 (P <
0.01).

E. NR3B-ir neurons in the CN: Approximately 55% - 70% of the CN neurons exhibited
NR3B immunoreactivity (Fig. 9E1-4). The expression was relatively stable from P2 to P21,
with a gentle rise and some fluctuations with age (Fig. 10E). The main statistically
significant differences were between P2 and P10 (P < 0.05) and between P2 and P14 (P <
0.05).

DISCUSSION
The present study represents the first time that five different NMDA receptor subunits are
analyzed in depth in five different brain stem nuclei during the first three postnatal weeks in
rats. Our comprehensive analysis revealed that: 1) NR2A expression in all four respiratory
nuclei and NR2C expression in the PBC were significantly reduced at P12, similar to a
reduction at P12 for NR1 reported previously (Liu and Wong-Riley, 2002; 2005), but not in
the non-respiratory CN. 2) The expression of NR2C was significantly increased at P3 in the
PBC and XII (and rising though not reaching significance at P3 in the Amb and NTSVL),
whereas that of NR2D was significantly reduced at P3 in the PBC, Amb, XII, and NTSVL.
No comparable changes were observed in the CN. 3) The expression of NR2D generally
decreased with age, whereas that of NR3B generally increased with age; and 4) the
expression of NR2B stayed relatively constant throughout the first three postnatal weeks in
rats.
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General functions of NMDA receptors—Functional NMDA receptors are generally
heterotetramers consisting of two obligatory NR1 subunits and two regulatory subunits
composed of various combinations of four types of NR2 subunits (NR2A, NR2B, NR2C,
and NR2D) and two types of NR3 subunits (NR3A and NR3B) (Monyer et al., 1994,
Yashiro and Philpot, 2008). Functional properties of the NMDA channels depend on the
precise combination of NMDA receptor subunits (Cull-Candy and Leszkiewicz, 2004). The
NR1 subunit has eight functional isoforms arising from a single gene but varying in
combinations of three independent splice variants, being critical in determining certain key
features (Prybylowski et al., 2001; Cull-Candy and Leszkiewicz, 2004). The various NR2
subunits are essential for determining many biophysical and pharmacological properties of
the NMDA receptors (Cull-Candy and Leszkiewicz, 2004). For channel opening property,
NR1/NR2A di-heteromers possess faster rise and shorter decay time than the NR1/NR2B
and NR1/NR2C channels, whereas NR2D-containing NMDARs have the slowest decay
times (Chen et al., 1999; Cull-Candy and Leszkiewicz, 2004; Erreger et al., 2005). A typical
or “conventional” NMDA receptor consists of two glycine-binding NR1 subunits and two
glutamate-binding NR2 subunits to form a tetrameric channel that is highly permeable to
Ca2+ and sensitive to voltage-dependent inhibition by Mg2+ (Chatterton et al., 2002; Cavara
et al., 2009). However, NR3A or NR3B co-assemble with NR1 to form excitatory glycine
receptors that are unaffected by glutamate or NMDA, are relatively Ca2+ impermeable, and
are resistant to Mg2+, MK-801, and other competitive antagonists (Chatterton et al., 2002;
Cavara et al., 2009). When coexpressed with NR1 and NR2A in heterologous cells, NR3B
reduced calcium permeability of glutamate-induced current, acting as a dominant
modulatory subunit that can modify the function of NMDA receptors (Nishi, et al., 2001;
Matsuda, et al., 2002). NR3A (not analyzed in the present study) share properties
comparable to those of NR3B (Nishi, et al., 2001; Chatterton et al., 2002; Cavara et al.,
2009). As substantiated in the present study, the expression of different NR2 subunits is both
spatially and developmentally regulated, whereas that of NR1 subunit is sustained
throughout (Watanabe et al., 1992; Monyer et al., 1994; Sheng et al., 1994; Kubota and
Kitajima, 2008), albeit exhibiting some developmental changes as we reported previously
(Liu and Wong-Riley, 2002; 2005).

NMDA receptors in the respiratory network—NMDA receptors are proposed to be
essential and age-dependent for the generation and maintenance of respiratory rhythm under
normoxic conditions (Feldman et al., 1992; Poon et al., 2000; Water and Machaalani, 2005;
Morgado-Valle and Feldman, 2007; Pace et al., 2007). Their predominant effects in normal
respiratory rhythmogenesis are the termination of inspiration (probably via a pontine
synapse) and relay of peripheral chemorecptor inputs (via the solitary tract nucleus)
(Pierrefiche et al., 1994; Dogaš et al., 1995; Water and Machaalani, 2005). NMDA receptors
are also involved in response to exogenous stressors, such as hypoxia (Coles et al., 1998;
Ohtake et al., 1998; 2000; Tarakanov et al., 2004; McGuire et al., 2005; Water and
Machaalani, 2005; McGuire et al., 2008). The levels of NR2A/NR2B, in particular, are
increased during intermittent hypoxia (Reeves et al., 2003), and they undergo greater
tyrosine phosphorylation in dorsocaudal brain stem during hypoxia (Czapla et al., 1999). In
the anoxic crucian carp brain, the expression of NR2B and NR2D predominates, comparable
to that in the hypoxic-tolerant neonatal rats, and the expressions of NR1, NR2C, and NR3A
were reduced (Ellefsen et al., 2008).

Each NR subunit immunoreactivity in each respiratory nucleus examined was present in the
majority of neurons there (albeit of lower abundance in the CN for NR2A and 2D), implying
that a sizeable population of neurons express a combination of NR2 and 3B subunits, in
addition to the obligatory NR1. In different brain regions and various neuronal populations,
there is evidence for the co-assembly of NR2A/NR2B, NR2A/NR2C, NR2B/NR2D, and
others (Cull-Candy and Leszkiewicz, 2004). Such co-assembly is likely to increase the
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variability of channel properties. Patch-clamp studies have demonstrated that the presence of
these various assemblies have functional consequences and display distinct properties
(Cathala et al., 2000; Brickley et al., 2003).

Functional implications—Our data point to a number of functional implications. First,
the developmental trends of NR2A in the PBC, Amb, XII, and NTSVL were comparable to
those of NR1 in these same nuclei during the first two postnatal weeks as reported
previously (Liu and Wong-Riley, 2002; 2005), all of which showed a significant reduction
of subunit expression at P12. The sudden decrease in the expression of these subunits
suggested an overall decrease in NR-mediated excitation during the critical period (see
below). Second, a relatively constant level of NR2B expression during the first three
postnatal weeks implies that this subunit is necessary for NR transmission, at least in the
five nuclei examined. NR2B is known to play an important role in modifying synaptic
plasticity during experience-dependent critical period and in long-term potentiation, as well
as in learning and memory (Cull-Candy and Leszkiewicz, 2004; Barria and Malinow, 2005;
Dumas, 2005; von Engelhardt et al., 2008). Third, NR2C was significantly increased at P3
and remained at a relative plateau thereafter. This subunit may also be essential to NR
transmission in these nuclei. A significant reduction of NR2C expression in the PBC at P12
implies that it is down-regulated in concert with NR1 and NR2A during the critical period of
respiratory network development. Fourth, there is strong evidence for a possible switch
between the age-dependent decrease in NR2D and the age-dependent increase in NR3B,
intersecting possibly around P13. Developmental changes between these two NR subunits
may underlie important functional maturation in NR transmission in these four respiratory
nuclei, with slower decay NR2D replaced by the faster decay NR3B, concomitant with
respiratory functional maturation. Fifth, other than NR2D, all of the NR subunits tested
showed a gradual increase in their expression from P2 to P11, before a significant or non-
significant fall at P12. This indicates that NMDA receptors go through progressive
maturation during the first 1 ½ postnatal weeks, but their expression was transiently
suppressed during the critical period that may be associated with a decreased number of
functional NMDA receptors. Finally, after the first two postnatal weeks and after the critical
period, various combinations of NR2A, NR2B, NR2C, and NR3B appear to play a more
important role than NR2D in teaming with NR1 for NMDA receptor-mediated synaptic
transmission.

P0-P2—In neonatal rats, NR2D, with the highest level at P2 and decreasing with age
thereafter, may play a more important role in NR transmission during prenatal and the first
two days of postnatal life in the four respiratory nuclei examined, whereas NR2A, NR2C,
and NR3B levels were low at that time (Monyer et al., 1994; Takahashi et al., 1996; Cathala
et al., 2000; Matsuda et al., 2002; Liu et al., 2004; Durand et al., 2006; Kubota and Kitajima,
2008; and our present data). The immature, slower NR transmission (Cull-Candy and
Leszkiewicz, 2004; Kron et al., 2008) coincides with the lowest cytochrome oxidase activity
and glutamate level (Liu and Wong-Riley, 2002; 2003; 2005), and the slowest respiratory
frequency and lowest tidal volume during normoxic ventilation at P0-P2 (Liu et al., 2006).

P3—At P3, a significant reduction in NR2D coincides with a significant increase in NR2C
(with a decay time faster than that of NR2D but slower than that of NR2A) in the PBC,
Amb, XII, and NTSVL. The expressions of NR2A, NR2B, and NR3B were relatively low.
This is also a time when cytochrome oxidase activity was decreased or at a plateau, and a
transient imbalance between excitatory and inhibitory drives, with relatively low glutamate
and NR1 levels (Liu and Wong-Riley, 2001; Liu and Wong-Riley, 2002; 2003; 2005). These
events may be related to the animal’s adaptation to postnatal gas conditions that occurs at
about P2-4 in rats, especially in the NTSVL that is important for peripheral chemosensitive
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afferents (Finley and Katz, 1992). During the first two postnatal days, a sudden increase in
arterial partial pressure of oxygen (Brouillette and Waxman, 1997) transiently suppresses
peripheral chemosensitive organs (primarily the carotid bodies), which reset thereafter
(Blanco et al., 1984; Mortola, 2001). We have shown previously that the ventilation and
metabolic patterns of P0-1 rats were markedly different from those of P2 and older rats, both
during normoxia and under hypoxia (Liu et al., 2009), with the lowest response to hypoxia
at P3 among P0-P11 rats (Liu et al., 2006) and almost the lowest metabolic rate response to
hypoxia at the same time (Liu et al., 2009).

Critical period (around P12)—Intriguingly, at P12 or the critical period, NR2A, 2C, 2D,
and 3B expressions in the PBC, Amb, XII, and NTSVL exhibited a change (with or without
statistical significance) against their earlier development trends (except for NR2D in the
NTSVL in which its expression decreased, rather than increased). Specifically, a sudden,
significant reduction in NR2A was evident in the PBC, Amb, XII, and NTSVL and in NR2C
in the PBC. The significant reduction in NR2A, with the fastest rise and shortest decay time
(Chen et al., 1999; Cull-Candy and Leszkiewicz, 2004; Erreger et al., 2005), might markedly
attenuate excitatory neurotransmission in all four respiratory nuclei. In the PBC and NTSVL,
it would result in reduced respiratory drive, especially under exogenous respiratory insults,
such as hypoxia (Liu et al., 2006; 2009). In the Amb and XII, it would attenuate airway
patency during respiration. The significant reduction of NR2C (with a decay time faster than
that of NR2D) in the PBC may also contribute to reduced respiratory drive during critical
period. These, together with a significant reduction in the expressions of glutamate and NR1
at P12 in the same nuclei (Liu and Wong-Riley, 2002; 2005), are likely to contribute to a
transient attenuation in glutamatergic transmission via NRs within the respiratory network
during the critical period. A brief increase in the expression of NR2D and a temporary
decrease in that of NR3B at P12 may play a contributing but lesser role. Concomitantly,
there was an increase in the expression of inhibitory neurochemicals (Liu and Wong-Riley,
2002; 2005), resulting in a transient imbalance between excitatory and inhibitory drives.
During this critical period, ventilatory and metabolic rate responses to hypoxia were also
significantly attenuated, making this a vulnerable period in respiratory development (Liu et
al., 2006; 2009).

P13-14 and thereafter—At P13-14, a switch may occur between the neonatal NR2D and
the more mature NR3B in several respiratory nuclei. This switch, together with higher
expressions of NR2C and NR3B during the 3rd postnatal week, contribute to the maturation
of the respiratory system, which includes an increases in tidal volume and a decrease in
frequency with age, both during normoxia and under hypoxia (Liu et al., 2006). Notably, our
presumed NR subunit switch occurs one or two day(s) later than that of GABAA α3 to α1 (at
P12; Liu and Wong-Riley, 2004), indicating that the maturation of GABAA and NMDA
receptors are not temporally in phase. The maturation of neurotransmission also coincides
with a rise in cytochrome oxidase activity in the respiratory nuclei at P13 and thereafter,
subsequent to a significant fall at P12 in multiple respiratory nuclei (Liu and Wong-Riley,
2002; 2003; Wong-Riley and Liu, 2005). Subunit switches and receptor maturation in both
excitatory and inhibitory systems are important in the maturation of the entire respiratory
network. In the mouse, the central respiratory network reportedly matures at P15 (Paton and
Richter, 1995). In rats, the hypoxic and hypercapnic responses are found not to be mature
until P15 or after (Eden and Hanson, 1987; Davis et al., 2006; Liu et al., 2006).
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Abbreviations

XII hypoglossal nucleus

Amb nucleus ambiguus

ANOVA analysis of variance

APB ammonium phosphate buffer

CN cuneate nucleus

GABA gamma-aminobutyric acid

-ir immunoreactive

NMDA N-methyl-D-aspartate

NTSVL ventrolateral subnucleus of solitary tract nucleus

P postnatal day

PBC pre-Bötzinger complex

PBS sodium phosphate buffered saline

R receptor

SIDS Sudden Infant Death Syndrome
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Fig. 1.
N-methyl-D-aspartate receptors (NR) subunits 2A (NR2A) immunoreactive (-ir) neurons in
the pre-Bötzinger complex (PBC) (A), nucleus ambiguus (Amb) (B), hypoglossal nucleus
(XII) (C), ventrolateral subnucleus of the solitary tract nucleus (NTSVL) (D), and cuneate
nucleus (CN) (E) at representative postnatal days P2 (A1-E1), P7 (A2-E2), P12 (A3-E3),
and P21 (A4-E4). The insets in A1-E1 indicate the locations of each nucleus in a
diagrammatic cross section of the medulla. The expression of NR2A-ir in the PBC, Amb,
XII, and NTSVL neurons increased at P7 (compared with that at P2), but was significantly
decreased at P12, followed by a plateau or a decline at P21. The NR2A-ir expression in the
CN neurons was relatively constant at four ages presented. Scale bar: 20 μm for all.
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Fig. 2.
Optical densitometric measurements of immunoreactive product for NR2A in the cytoplasm
of individual neurons in the PBC (A), Amb (B), XII (C), NTSVL (D), and CN (E) from P2 to
P21. Data points were presented as mean ± SEM. The NR2A-ir expression in the first four
nuclei exhibited a gradual increase from P2 or P3 to P11, then a distinct fall at P12, followed
by a small rise and a plateau or a gradual decline until P21. The expression in the CN was
relatively constant from P2 to P21. ANOVA yielded significant differences in the NR2A
expression among ages in all four respiratory nuclei examined (P < 0.01). Tukey’s
Studentized test revealed a significant reduction at P12 as compared to P11 (P < 0.01 for the
PBC and XII, P < 0.05 for the Amb and NTSVL). These graphs in Fig. 2 (as well as those in
Figs. 4, 6, 8, and 10) show significance only between one age group and its immediately
adjacent younger age groups as analyzed by Tukey’s test. Additional significant differences
between any two age groups can be found in the text. *, P < 0.05; **, P < 0.01 (Tukey’s
Studentized test).
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Fig. 3.
NR2B-ir neurons in the PBC (A), Amb (B), XII (C), NTSVL (D), and CN (E) at P2 (A1-E1),
P7 (A2-E2), P12 (A3-E3), and P21 (A4-E4). The insets in A1-E1 indicate the locations of
each nucleus in a diagrammatic cross section of the medulla. The NR2B-ir expression in all
five nuclei was relatively constant at the four ages shown. Scale bar: 20 μm for all.
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Fig. 4.
Optical densitometric measurements of immunoreactive product for NR2B in the cytoplasm
of individual neurons in the PBC (A), Amb (B), XII (C), NTSVL (D), and CN (E) from P2 to
P21. Data points were presented as mean ± SEM. The expression of NR2B-ir in neurons of
all five nuclei was relatively stable during the first three postnatal weeks, with only minor
fluctuations throughout. ANOVA failed to reveal any significant differences among the ages
in all five nuclei examined (P > 0.01).
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Fig. 5.
NR2C-ir neurons in the PBC (A), Amb (B), XII (C), NTSVL (D), and CN (E) at P2 (A1-E1),
P7 (A2-E2), P12 (A3-E3), and P21 (A4-E4). The insets in A1-E1 indicate the locations of
each nucleus in a diagrammatic cross section of the medulla. In all five nuclei, NR2C-ir
expression showed the lowest level at P2, a rise at P7, followed by a plateau at P12 and P21,
with a noted exception in the PBC, which had a significant reduction at P12. Scale bar: 20
μm for all.
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Fig. 6.
Optical densitometric measurements of immunoreactive product for NR2C in the cytoplasm
of individual neurons in the PBC (A), Amb (B), XII (C), NTSVL (D), and CN (E) from P2 to
P21. Data points were presented as mean ± SEM. The NR2C-ir expression was the lowest at
P2, increased with or without statistical significance at P3, followed by a plateau until P21.
A distinct exception was found in the PBC, which showed a significant reduction at P12 (P
< 0.05). ANOVA revealed significant differences (P < 0.01) in the NR2C-ir expression
among the ages in the PBC and XII, and Tukey’s test indicated a significant rise at P3 for
the PBC and XII (P < 0.05), and significant reduction at P12 for the PBC (P < 0.05). *, P <
0.05 (Tukey’s Studentized test).
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Fig. 7.
NR2D-ir neurons in the PBC (A), Amb (B), XII (C), NTSVL (D), and CN (E) at P2 (A1-E1),
P7 (A2-E2), P12 (A3-E3), and P21 (A4-E4). The insets in A1-E1 indicate the locations of
each nucleus in a diagrammatic cross section of the medulla. In all five nuclei, NR2D-ir
expression demonstrated the highest level at P2, declining at P7, followed by a plateau at
P12, and decreased again at P21, except for NTSVL in which the expression at P21 was
comparable to that at P12. Scale bar: 20 μm for all.
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Fig. 8.
Optical densitometric measurements of immunoreactive product for NR2D in the cytoplasm
of individual neurons in the PBC (A), Amb (B), XII (C), NTSVL (D), and CN (E) from P2 to
P21. Data points were presented as mean ± SEM. NR2D-ir exhibited the highest levels at
P2, significantly reduced at P3 for the four respiratory related nuclei, followed by a plateau
until P12, then declined again until P17-21. ANOVA revealed significant differences (P <
0.01) among the ages in all five nuclei, and Tukey’s test indicated a significant reduction in
the expression at P3 for the four nuclei (P < 0.05 for the PBC and Amb, P < 0.01 for the
XII, and P < 0.001 for the NTSVL), and another significant reduction at P17 for the XII (P
<0.01) and CN (P < 0.05). *, P < 0.05; **, P < 0.01; ***, P < 0.001 (Tukey’s test).
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Fig. 9.
NR3B-ir neurons in the PBC (A), Amb (B), XII (C), NTSVL (D), and CN (E) at P2 (A1-E1),
P7 (A2-E2), P12 (A3-E3), and P21 (A4-E4). The insets in A1-E1 indicate the locations of
each nucleus in a diagrammatic cross section of the medulla. In the PBC, Amb, XII, and
NTSVL, the expression of NR3B-ir was lowest at P2, increased at P7, followed by a further
rise (PBC and Amb) or a plateau (XII and NTSVL) at P12 and P21. In the CN, however, the
expression remained relatively constant during development. Scale bar: 20 μm for all.
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Fig. 10.
Optical densitometric measurements of immunoreactive product for NR3B in the cytoplasm
of individual neurons in the PBC (A), Amb (B), XII (C), NTSVL (D), and CN (E) from P2 to
P21. Data points were presented as mean ± SEM. In the PBC, Amb, and XII, the NR3B-ir
exhibited a statistically insignificant dip at P3, followed by a gradual increase until P21,
whereas in the NTSVL, the rise from P2 to P4, or from P2 to P10, was gradual and it was
followed by a plateau until P21. The XII and NTSVL had another statistically insignificant
reduction at P11-12. In the CN, NR3B-ir was relatively constant from P2 to P21, with a
gentle rise mainly between P2 and P10, after which it plateaued until P21. ANOVA yielded
significant differences (P < 0.01) among the ages in the PBC, Amb and XII, but Tukey’s
Studentized range test that compared one age group with its adjacent younger age group
failed to reveal statistical significance in any comparison between paired adjacent age
groups (P > 0.05).

LIU and WONG-RILEY Page 26

Neuroscience. Author manuscript; available in PMC 2011 December 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

LIU and WONG-RILEY Page 27

Table 1

Primary antibodies used

Antigen Immunogen Manufacturer,
species, type, catalog
number

Dilution
used

NE2A C-terminal fusion protein of rat
NR2A, aa 1253-1391

Chemicon (Temecula,
CA), rabbit polyclonal,
#AB1555P

1:500

NR2B C-terminal fusion protein of
NR2B (30 kDa)

Chemicon (Temecula,
CA), rabbit polyclonal,
#AB1557P

1:1000

NR2C Amino acid 21-100 mapping near
the N-terminus of human NR2C

Santa Cruz Biotech
(Santa Cruz, CA), rabbit
polyclonal, #sc-50437

1:600

NR2D Recombinant protein from rat
NR2D

Chemicon (Temecula,
CA), mouse monoclonal,
#MAB5578

1:300

NR3B Amino acid 916-930 of mouse
NR3B

Upstate (Temecula, CA),
rabbit polyclonal, #07-
351

1:200
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