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Abstract

This is the first part of a two-part study to investigate the cellular distribution and temporal
regulation of a-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid receptor (AMPAR)
subunits in the developing white matter and cortex in rat (part 1) and human (part I1). Western blot
and immunocytochemistry were used to evaluate the differential expression of AMPAR subunits
on glial and neuronal subtypes during the first 3 postnatal weeks in the Long Evans and Sprague
Dawley rat strains. In Long Evans rats during the first postnatal week, GluR2-lacking AMPARS
were expressed predominantly on white matter cells, including radial glia, premyelinating
oligodendrocytes, and subplate neurons, whereas, during the second postnatal week, these
AMPARSs were highly expressed on cortical neurons, coincident with decreased expression on
white matter cells. Immunocytochemical analysis revealed that cell-specific developmental
changes in AMPAR expression occurred 2—-3 days earlier by chronological age in Sprague Dawley
rats compared with Long Evans rats, despite overall similar temporal sequencing. In both white
and gray matter, the periods of high GIuR2 deficiency correspond to those of regional
susceptibility to hypoxic/ischemic injury in each of the two rat strains, supporting prior studies
suggesting a critical role for Ca2*-permeable AMPARSs in excitotoxic cellular injury and
epileptogenesis. The developmental regulation of these receptor subunits strongly suggests that
Ca?* influx through GluR2-lacking AMPARS may play an important role in neuronal and glial
development and injury in the immature brain. Moreover, as demonstrated in part 11, there are
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striking similarities between rat and human in the regional and temporal maturational regulation of
neuronal and glial AMPAR expression.

Indexing terms
glutamate receptor; perinatal; excitotoxicity; seizure; neuron; oligodendrocyte

The immature brain is highly susceptible to hypoxia/ischemia (H/1), and perinatal H/I brain
injury represents a major cause of neurodevelopmental disorders in both preterm and term
infants (Volpe, 2001; Ferriero, 2004). In preterm infants, H/I causes primarily white matter
injury, termed periventricular leukomalacia (PVL; Banker and Larroche, 1962; Okumura et
al., 1997; Volpe, 2001). In contrast, H/I in term newborns causes predominantly gray matter
lesions and seizures (Hauser et al., 1993; Maller et al., 1998; Roland et al., 1998; Saliba et
al., 1999; Volpe, 2001).

Rodent models of perinatal H/I brain injury reflect similar age-dependent regional
differences, despite slight age variations in different rat strains. During the first week of life
(postnatal day P1-P7), H/I results in selective white matter injury, characterized by loss of
premyelinating oligodendrocytes (pre-OLs), followed by hypomyelination (Sheldon et al.,
1996; Follett et al., 2000; Cai et al., 2001; Back et al., 2002; Liu et al., 2002). During the
second postnatal week (P8-14), H/I causes spontaneous electro-graphic and behavioral
seizures (Jensen et al., 1991; Owens et al., 1997), as well as extensive cortical and
hippocampal neuronal loss (Towfighi et al., 1997; Chen et al., 1998).

H/I causes glutamate accumulation in both gray and white matter structures in the
developing rat brain (Benveniste et al., 1984; Andine et al., 1991; Silverstein et al., 1991;
Hagberg, 1992; Loeliger et al., 2003), implying a key role for glutamate receptors (GIuRS)
in the pathophysiology of perinatal H/I brain injury. Glutamate receptor subtypes include the
N-methyl-D-aspartate receptors (NMDARS), the a-amino-3-hydroxy-5-methyl-4-isoxazole-
propionic acid receptors (AMPARS), and kainate receptors (KARs; Hollmann and
Heinemann, 1994; Michaelis, 1998). Whereas neurons and astrocytes express both
NMDARs and non-NMDARs (Petralia and Wenthold, 1992; Petralia et al., 1994; Conti et
al., 1994; Shelton and McCarthy, 1999; Schipke et al., 2001), OLs express primarily non-
NMDARSs (Patneau et al., 1994; Gallo et al., 1994; Rosenberg et al., 2003). Compelling
evidence for a critical role of GIuRs in perinatal H/I injury is provided by experimental
therapeutic trials. AMPAR antagonists are highly protective to developing OLs against H/I
injury at P7 (Follett et al., 2000, 2004) and are effective in suppressing hypoxia-induced
seizures at P10-P12 (Jensen et al., 1995; Koh and Jensen, 2001). Similarly, in P7-P10 rats,
NMDAR and AMPAR antagonists have been shown to attenuate H/l-induced neuronal
injury (Olney et al., 1989; Hagberg et al., 1994; Chen et al., 1998).

AMPAR-mediated signaling and excitotoxicity depend on the functional properties of the
receptor complex, such as Ca?* permeability (Gu et al., 1996; Friedman and Koudinov,
1999; Sanchez et al., 2001, 2005; Jensen et al., 2001; Deng et al., 2003; Follett et al., 2004),
which in turn are dictated by subunit composition. AMPARS are heteromeric complexes
composed of four subunits (GIuR1 through GluR4), and receptors lacking the GIUR2 subunit
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are Ca?*-permeable, whereas those including the GIUR2 subunit are impermeable to Ca2*
(Burnashev et al., 1992; Seeburg, 1993; Jonas et al., 1994; Washburn et al., 1997). In the
immature rat brain, GIuR2 expression is low relative to non-GIuR2 subunits (Pellegrini-
Giampietro et al., 1991, 1992; Sanchez et al., 2001; Kumar et al., 2002), suggesting that
AMPARs with increased Ca2* permeability are abundantly expressed during this time
window. Indeed, functional studies in situ in immature rodent brain have confirmed
increased Ca2* influx through AMPARSs expressed on pre-OLs (Fulton et al., 1992; Bergles
et al., 2000; Follett et al., 2004) and developing hippocampal and pyramidal neurons
(Sanchez et al., 2001; Kumar et al., 2002), supporting a close correlation between GluR2
expression level and receptor function.

In this two-part series of studies, we examine evidence for a relationship between
differential distribution of GluR2-lacking (Ca2*-permeable) AMPARSs and selective white
and gray matter vulnerability to H/I in both rodent (part 1) and human (Talos et al., 2006).
We hypothesize that the GIuR2-lacking AMPARSs represent a key factor in age-dependent
regional susceptibility to H/I, so regional and temporal expression of these receptors would
correspond in a cell-specific manner to patterns of susceptibility to H/I. In addition, we
hypothesize that subtle differences in age windows of susceptibility between rat strains are
due to strain-dependent differences in temporal onset and progression of AMPAR subunits
on specific cell types. In part I, we analyzed the developmental profile of each AMPAR
subunit in both white matter and cortex from Long Evans (LE) rats during the first 3
postnatal weeks (postnatal days P1-P21) and specifically evaluated the developmental
regulation of the GIuR2 subunit relative to other AMPAR subunits by immunoblotting and
immunofluorescence double labeling. To examine strain-dependent differences in AMPAR
subunit expression, a subset of immunofluorescence double-labeling experiments for
specific AMPAR subunits was conducted in parallel in both LE and Sprague Dawley (SD)
rat pups, ages P1-P14. In part Il (Talos et al., 2006), human parietal white matter and cortex
from cases ranging between 18 postconceptional weeks (PCW) and 210 PCW
(approximately 3.3 years) were similarly evaluated for age-dependent variations in AMPAR
subunit expression by immunoblotting and immunofluorescence double labeling.

MATERIALS AND METHODS

Animals

Long Evans and Sprague Dawley rats (Charles River Laboratories, Wilmington, MA) were
housed in a temperature-controlled animal care facility with a 12-hr light/dark cycle. All
procedures were approved by and in accordance with the guidelines of the Animal Care and
Use Committee at Children’s Hospital (Boston, MA) and the National Institutes of Health
Guide for the Care and Use of Laboratory Animals. All efforts were made to minimize
animal suffering and the number of animals used.

Western blot analysis

Immunoblotting—LE rats were sacrificed at P3, P5, P7, P9, P11, P14, and P21 and at
adulthood (n = 30). Brains were quickly removed, and either cortex or white matter samples
were separated under a dissecting microscope. Tissue was rapidly frozen in ethanol and
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stored at —80°C until it was used for protein extraction. Membrane protein extraction was
conducted according to the protocol described by Wenthold et al. (1992). Dissected cortex
and white matter samples were homogenized separately in a sucrose buffer (11% sucrose,
500 nM CacCly, 1 uM MgCl,, 1 pM NaHCO3) containing one Complete Mini, ethyl-
enediaminetetraacetic acid (EDTA)-free protease inhibitor cocktail tablet (Roche,
Indianapolis, IN) per 10 ml of buffer. Membrane fractions were collected and resus-pended
in lysis buffer: 50 mM trizma base, 1% igepal CA-630, 150 mM NaCl, 0.1% leupeptin, 1
mM benzami-dine, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride (PMSF). Total
protein amounts were measured by using the Bradford protein assay (Bio-Rad, Hercules,
CA), and samples were diluted for equal amounts of protein in each sample. Samples were
run on 7.5% Tris-HCI gels (Bio-Rad) and transferred onto polyvinylidene difluoride (PVDF)
membranes. A Coomassie blue stain (Sigma, St. Louis, MO) was performed on each gel to
verify the consistency of protein loading across lanes. Membranes were blocked for 1 hour
in 5% nonfat dry milk in Tris-buffered saline with 0.1% Tween 20 and incubated overnight
at 4°C in primary antibodies (Table 1). Blots were then incubated for 1 hour at room
temperature (RT) in horseradish peroxidase-conjugated secondary antibodies: anti-mouse
19G (0.5 pg/ml; Jackson Immunoresearch Laboratories, West Grove, PA) or anti-rabbit 19G
(0.1 pg/ml; Jackson Immunoresearch Laboratories). Protein bands were visualized by using
Western Lightning chemiluminescence reagent (Perkin Elmer, Wellesley, MA) and
developed on X-ray film (X-Omat AR; Kodak, Rochester, NY). The blots were stripped
(Renart and Sandoval, 1984) and reprobed with antibodies against different AMPAR
subunits. Protein dilution series were performed to assess whether all optical densities fell
within a linear range.

Data analysis—The films were scanned, and band intensities were converted to relative
optical signal density by subtracting the background optical density from each band in
Quantity One software (Bio-Rad). In each case, the relative optical density was normalized
to the mean level of expression of the same adult samples run on each blot. Means for each
age group were calculated for each antibody (a minimum of three animals/age group) and
were compared across ages via one-way ANOVA and post hoc t-tests. Differences were
considered significant at P < 0.05. To determine the relative levels of expression of GIuR2
to non-GluR2 subunits, GIuR1/GIuR2, GIuR3/GIuR2, GIuR4/GIuR2, and total non-GluR2
(GluR1 + GIuR3 + GIuR4)/GIuR2 ratios were also calculated in each case, by using the
normalized individual GluR1-GluR4 values (percentage of adult). The group means were
similarly compared across development, and differences were considered significant at P <
0.05 (one-way ANOVA and post hoc t-tests).

Immunocytochemistry

Immunostaining of tissue sections—LE rat pups ages P1, P3, P5, P7, P9, P10, P11
P14, P18, and P21 (n = 46) and SD pups ages P1, P3, P5, P7, P10, and P14 (n = 30) were
deeply anesthetized (pentobarbital i.p. 50-100 mg/kg, depending on postnatal age) and
perfused intracardially with 0.1 M phosphate-buffer saline (PBS), followed by 4%
paraformaldehyde in PBS (pH 7.4). Brains were subsequently removed, postfixed for 4
hours in the same paraformaldehyde-containing solution, and cryoprotected in 30% sucrose
overnight. Coronal sections, cut at 50 um on a freezing microtome (HM 440 E; Microm
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International), were collected serially and maintained in 0.1% sodium azide in PBS at 4°C
until use. To block nonspecific binding, sections were first incubated for 1 hour at room
temperature in a solution containing 0.1% Triton X-100 and 5% normal goat serum in PBS
(Invitrogen, Carlsbad, CA), except for those to be stained with oligodendroglial markers O4,
GalC, and O1, when 0.1% Triton X-100 was omitted. Sections were then exposed to the
primary antibodies overnight at 4°C (Table 1). After three 10-minute PBS washes, sections
were incubated with the secondary antibodies. For GIuR1-GluR4 immunocytochemistry,
sections were incubated for 1 hour at RT with a biotinylated anti-rabbit/anti-mouse 1gG
(1:200; Vector Laboratories, Burlingame, CA), washed for 3 x 10 minutes in PBS, followed
by 1 hour incubation at RT with a fluoresceinavidin D conjugate (1:2,000; Vector
Laboratories). For the other antibodies, slides were incubated for 1 hour at RT with a
secondary antibody solution containing Alexa Fluor 568 goat anti-rabbit/anti-mouse
IgG/IgM or Oregon green 488 goat anti-rabbit/anti-mouse 1gG (1:1,000; Molecular Probes,
Eugene, OR). After secondary antibody incubation, sections were washed for 3 x 10 minutes
in PBS and coverslipped with an antifade medium (Fluoromount-G; Southern
Biotechnology, Birmingham, AL). Monoclonal astroglial markers vimentin and glial
fibrillary acidic protein (GFAP), oligodendroglial markers O4, O1, and MBP, and neuronal
markers NeuN and GAD-65 were used in combination with polyclonal antibodies GIuR1,
GluR2, and GIuR4. Polyclonal cell markers GFAP, GalC, NSE, and GABA were used in
combination with monoclonal GIuR3 antibodies. In each double-labeling experiment,
control sections were incubated with omission of one or both primary antibodies, adding
only the secondary antibodies to exclude false-positive labeling.

Data analysis—Slides were analyzed with an epifluorescence microscope (Zeiss
Axioscope, Germany). Data was obtained by examining a minimum of three brains/age
group/staining condition, and the expression pattern for each antibody was analyzed on at
least three sections/brain. Developmental regulation of AMPAR expression, including cell-
type-specific subunit characteristics, timing of presentation, expression level, regional
distribution pattern, and subcellular localization, was qualitatively analyzed. Relative
staining intensity for each subunit was compared in one cell type across ages and between
cell populations in white matter and cortex at a specific age. In all cases, sections to be
analyzed were processed together to permit such comparisons.

Preparation of illustrations—Digital images of the immunostained tissue sections were
acquired with a Spot digital camera in the Spot Software 4.5 (Diagnostic Instruments,
Sterling Heights, MI). Original digitized RGB images were transferred to Adobe Photoshop
7.0 (Adobe Systems, San Jose, CA), and the brightness, contrast and color were adjusted to
achieve optimal quality of the resulting prints. These minimal adjustments did not alter in
any way the immunofluorescence staining pattern of the antibodies.

AMPAR subunit-specific antibodies and cell-specific markers used in this study have been
characterized extensively in a variety of species and brain regions, including rat forebrain.
Primary antibody characterization is summarized in Table 1, and previous studies
demonstrating the antibody specificity are listed at the bottom of the table. Additionally,
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GluR1-GluR4 antibody specificity in tissue homogenates was demonstrated by the presence
of single bands on both white matter and cortex Western blots, corresponding to the
molecular weight specified by vendor, and in tissue sections by a staining pattern consistent
with previous reports (Wenthold et al., 1992; Petralia et al., 1997; Sanchez et al., 2001,
Kumar et al., 2002; Grunert et al., 2003; Moga et al., 2003; Lindahl and Keifer, 2004). The
specificity of anti-GluR1 and anti-GluR4 antibodies was further verified by preabsorption
with the corresponding immunogenic peptides. In Western blotting, peptide preabsorption
(10:1-20:1 antigen:antibody concentration; Chemicon International, Temecula, CA)
completely eliminated GIuR1 and GluR4 bands and in tissue sections, peptide preabsorption
of the GIuR1 and GIuR4 antiserum (10:1 antigen:antibody concentration; Chemicon
International) blocked all immunostaining with the antibodies.

All cell markers used in this study produced a staining pattern comparable to patterns in
previous studies using the same antibodies. Vimentin labeled the radial glia cell bodies and
processes, whereas GFAP antibodies stained both radial glia and mature astrocytes (Miyata
et al., 2001; Zhou et al., 2004). The staining pattern of polyclonal GFAP antiserum largely
overlapped with that of monoclonal GFAP; however, radial glia was stained more
effectively with the polyclonal than with the monoclonal GFAP antibody. The O1 and O4
monoclonal antibodies are known to react specifically with surface antigens expressed on
developing oligodendrocytes in a stage-specific manner. O1 recognizes the GalC and the
closely related monogalactosyl-digliceride (MG) expressed on the surface of immature OLs,
whereas 04 antibody reacts with two related sulfated galactolipids (sulfatide and
seminolipid), expressed on OL precursor cell surface, prior to O1 (Gard and Pfeiffer, 1989).
In this study, both antibodies stained cell bodies and processes of developing OLs, whereas
the MBP antibody labeled mature OLs, as previously described (Follett et al., 2000;
Rosenberg et al., 2003). GalC polyclonal antiserum stained immature OL cell bodies and
processes (Keirstead et al., 1998) and colocalized with O1 in double-staining experiments
(data not shown). NeuN antibody labeled the majority of cortical and subcortical neurons,
predominantly in the nucleus, and immunolabeling of cortical tissue with NSE antibody
intensely stained neuronal cell bodies and processes (Mullen et al., 1992; Gao et al., 1999).
Both GAD-65 and GABA antibodies demonstrated a similar expression pattern, staining
most interneuron cell bodies and processes (Liu et al., 2003; Kultas-llinsky et al., 2004).

AMPAR subunit protein expression in the developing white matter from Long Evans rats

Western blot analysis of white matter homogenates demonstrated that in LE rats GIuR1-
GluR4 AMPAR subunits were expressed at all ages examined, although each subunit
showed a distinct temporal expression pattern (Fig. 1). In the immature white matter, GIuR1
and GIuR2 subunit expression (Fig. 1A, B) was lower than in adulthood, whereas GIuR3 and
GluR4 subunits (Fig. 1C,D) largely superceded adult levels. GIuR1 (Fig. 1A) was
significantly lower than in the adult at P3 (approximately 18% of adult, P < 0.02), then
increased gradually with maturation (45% at P7 and 49% at P11) and reached adult-like
expression levels by P21 (109%). Similarly, GIuR2 (Fig. 1B) was significantly lower than in
the adult at P3 (approximately 20% of the adult level, P < 0.001) and remained low during
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development (35% at P7, P < 0.001; 49% at P11, P < 0.006; 83% of adult at P21). In
contrast, levels of GIuR3 (Fig. 1C) were approximately 281% of adult at P3, became
significantly higher than adult at P7 (424%, P < 0.004) and at P11 (358%, P < 0.02), and
then declined to 179% by P21. GluR4 levels (Fig. 1D) were significantly higher than in the
adult at P3 (749%, P < 0.03) and at P7 (1,289%, P < 0.001) and then dropped to 394% at
P11 and 342% at P21. Maximal GIluR4 levels at P7 were also significantly higher compared
with P3 (P < 0.04) and P11 (P < 0.002).

Because higher non-GluR2/GIuR? ratios are associated with functionally increased Ca2*
permeability of the AMPAR (Pellegrini-Giampietro et al., 1992; Sanchez et al., 2001,
Kumar et al., 2002), non-GluR2/GIuR2 subunit ratios were calculated (see Materials and
Methods) and compared among ages (Fig. 2). In white matter, GIuR1/GIuR2 ratios (Fig. 2A)
demonstrated little variation at all ages examined (approximately 1:1-1.5:1) and were not
significantly different from adult ratios (1:1). In contrast, GIuR3/GIuR2 and GIuR4/GIuR2
ratios were much higher at younger ages (P3 and P7) compared with adult ratios, and there
was a progressive decrease with maturation (Fig. 2B,C). GIuR3/GIuR2 ratios (Fig. 2B) were
significantly higher than in the adult at P3 (approximately 15:1, P < 0.004) and P7 (13:1, P
< 0.007) and then dropped to 7:1 at P11 and 2:1 at P21. GIuR4/GIuR2 ratios (Fig. 2C) were
also significantly higher than in the adult at P3 (41:1, P < 0.02) and P7 (38:1, P < 0.02), then
decreased to 8:1 at P11 and to 4:1 at P21. Correspondingly, relative to the adult (3:1), total
non-GluR2/GIuR2 ratios (Fig. 2D) were significantly higher at P3 (56:1, P < 0.008) and P7
(52:1, P < 0.009) and then decreased to 16:1 at P11 and 8:1 at P21.

Cell-specific AMPAR subunit expression in the developing white matter from Long Evans

rats

White matter Western blots indicated significantly higher AMPAR expression levels during
the first and second postnatal weeks compared with adult levels. Because early increases in
GIuR3 and GIluR4 expression at P3 and P7 were associated with a relative lack in GIuR2
expression (Figs. 1, 2), we sought to determine which white matter components reflected
this pattern. Therefore, we performed immunocytochemical double-labeling experiments for
AMPAR subunits and glial-cell-specific markers in tissue sections from LE rat pups, during
the same developmental window as analyzed by Western blot (P1- P21). Radial glia were
identified by vimentin and GFAP staining, and astrocytes were visualized by GFAP labeling
(Stichel et al., 1991). Oligodendrocytes were identified based on their immunoreactivity for
stage-specific markers: O4 for OL precursors, GalC/O1 for immature OLs, and myelin basic
protein (MBP) for mature OLs (Follett et al., 2000; Rosenberg et al., 2003; Craig et al.,
2003).

Preliminary to determining the cell-specific AMPAR expression profile, we characterized
white matter cellular development, using astroglial and OL stage-specific markers (Fig. 3).
These revealed dramatic changes in the cellular population over the window of analysis.
Between P1 and P5, the astrocytic lineage was represented mainly by radial glia. GFAP*/
vimentin* radial glia displayed distinct cell bodies located within the periventricular zone
(PVZ) and extended long processes toward the pial surface (Fig. 3A1-C1). Only a few
ramified GFAP*/vimentin™ astrocytes were present at this age and were located exclusively
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near the ventricle wall. Between P7 and P9, radial glia fibers gradually disappeared,
coincident with an increase in the population of GFAP*/vimentin~ astrocytes (Fig. 3D1-F1).
The density of mature astrocytes within the white matter peaked at about P10-P12, before
decreasing again at P14-P21 (data not shown). OL immu-nostaining showed that, at P1-P5,
OL precursors (04*/GalC™), representing the major OL population at this age, were
abundant and uniformly distributed throughout the white matter (Fig. 3A2-C2). At P7-P9,
immature OLs (04*/GalC*) were the predominant OL stage (Fig. 3D2- F2), although MBP
staining first became visible in the pericallosal white matter at this age (Fig. 3A3). Between
P10 and P21, the MBP staining progressed in a medial-lateral/inside-outside gradient in the
white matter fiber tracts and radiating cellular processes into the cortex (Fig. 3B3,C3).

We next evaluated the differential expression of AMPAR subunits on specific glial
subtypes. The most dramatic changes in AMPAR expression level and subunit composition
were observed during the first 2 postnatal weeks, consistently with the Western blot results.
There were marked differences between developing astroglia and oligodendroglia, regarding
both timing of presentation and receptor subunit composition. Radial glia were the earliest
cell type in white matter to express AMPARSs, with robust expression visible at P1-P5 (Fig.
4A1-L1). GIuR1 was minimally expressed in astroglial lineage cells at all ages (Fig. 4A1-
C1 and A2-C2) relative to neuronal cell types (see below). However, comparison across
ages showed that GIuR2 was minimal in radial glia at P1-5 (Fig. 4D1-F1) but highly
expressed in mature astrocytes between P7 and P12 (Fig. 4D2-F2). In contrast, GIuR3 and
GluR4 were abundantly expressed on both radial glia at P1-P5 (Fig. 4G1-11, J1-L1) as well
as on astrocytes at P7-P12 (Fig. 4G2-12, J2-L.2) but started to decrease by P14 (data not
shown).

Double labeling with AMPAR subunits and OL markers revealed little expression at P1-P5
on pre-OLs in LE rat brain (data not shown). However, AMPARs were highly expressed on
pre-OLs between P7 and P9, and this was related primarily to expression of GluR4 (Fig.
5J1-L1). After P10, maturing OLs showed minimal to no GluR4 expression (Fig. 5J2-L2).
Staining for GIuR1, GIuR2, and GIuR3 was relative low or absent on pre-OLs at P1-P9
compared with surrounding cell types (Fig. 5A1-11), and this relative lack of expression
persisted from P10 (Fig. 5A2-12) through P21 (data not shown). These findings are
consistent with our previous observation that pre-OLs possess functional CaZ*-permeable
AMPARs at P7-P9 (Follett et al., 2000, 2004).

AMPAR subunit protein expression in the developing cortical gray matter from Long

Evans rats

Western blot analysis of cortical samples demonstrated that, similar to the white matter,
AMPAR subunits GIuR1-GluR4 were expressed during the entire time window analyzed,
but showed differential developmental trends (Fig. 6). GIuR1 subunit expression exceeded
adult levels from P3 through P21 (Fig. 6A), whereas GIuR2, GIuR3, and GIuR4 were
expressed at lower-than-adult levels (Fig. 6B — D). GIuR1 expression (Fig. 6A) represented
approximately 144% of adult expression at P3—P5 and was significantly higher than in the
adult at P7-P9 (642%, P < 0.001), P11 (825%, P < 0.001), and P14-P21 (414%, P < 0.004).
Unlike GIuR1 levels, GIuR2 levels (Fig. 6B) were significantly lower than in the adult at
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P3-P5 (10%, P < 0.001), P7-P9 (27%, P < 0.001), and P11 (44%, P < 0.004) and then rose
to approximately 72% of adult levels at P14-P21. GIuR3 subunit expression (Fig. 6C)
paralleled that of GIuR2, being significantly lower than adult expression at P3—-P5 (16%, P <
0.001), P7-P9 (25%, P < 0.001), and P11 (29%, P < 0.001) and then increasing to
approximately 72% of adult expression at P14-P21. GluR4 levels (Fig. 6D) were
significantly lower than in the adult at all ages examined: P3—P5 (14% of adult, P < 0.001),
P7-P9 (26%, P < 0.001), P11 (33%, P < 0.001), and P14-P21 (70%, P < 0.009).

As in the white matter, non-GluR2/GIuR?2 ratios were calculated and compared among age
groups (Fig. 7). GIuUR1/GIuR?2 ratios (Fig. 7A) were much higher at younger ages, compared
with adult, showing an increase at P7-P9, followed by a progressive decrease with
maturation. The GIuR1/GIuR2 ratio was about 14:1 at P3-P5, became significantly higher
than in the adult at P7-P9 (28:1, P < 0.03), and then decreased gradually to 19:1 at P11 and
6:1 at P14—P21. In contrast, GIUR3/GIuR2 (Fig. 7B) and GIuR4/GIuR2 ratios (Fig. 7C)
varied little with age (approximately 1:1-1.7:1) and therefore were not significantly
different from adult ratios. Whereas total non-GluR2/GIuR2 ratio (Fig. 7D) was
approximately 3:1 in the adult, this ratio was higher at P3—P5 (approximately 17:1) and rose
to significantly higher levels at P7-P9 (30:1, P < 0.04), before decreasing again to 20:1 at
P11 and 8:1 at P21.

Cell-specific AMPAR subunit expression in the developing neocortex from Long Evans

rats

In contrast to the white matter, where AMPAR expression peaked by the end of the first
postnatal week (Fig. 1), Western blots of cortex showed maximal AMPAR expression later,
during the second week of life (Fig. 6). Notably, high levels of GIuR1 at P7-P14 in the
developing cortex were associated with a significant relative deficiency in GIUR2 expression
compared with younger and older ages (Figs. 6, 7). To characterize the cellular distribution
of this differential expression pattern, we performed immunocytochemical double labeling
with GIuR1-GIluR4 subunit antibodies and neuronal markers NeuN, NSE, GAD-65, and vy-
aminobutyric acid (GABA) in LE rats from P1 to P21. Subplate neurons and cortical plate
neurons, stained with NeuN and NSE, were distinguished from one another based on the
distribution pattern and cellular morphology, consistently with previous reports (Hanganu et
al., 2002; Luhmann et al., 2003). Cortical pyramidal and nonpyramidal neurons were further
distinguished by their GAD-65 and GABA immunoreactivity.

As in the white matter, first we characterized the developmental patterns of specific
neuronal subpopulations in the cortex. In the first 2 postnatal weeks, the subcortical plate
was located directly below the developing cortex and was populated by mostly horizontally
oriented neurons at a low cellular density (Figs. 8, 9). In early postnatal development (P1-
P5), the subplate region was only a thin layer of neurons (data not shown). By P7-P9, the
subcortical plate was well formed and of full thickness (Fig. 8A), appeared to be slightly
decreased at P10-P12 (Fig. 8B), and then gradually disappeared by P14-P21 (Fig. 8C). In
contrast, the cortical plate thickness increased steadily from P1 through P21 (Fig. 8A - C),
and starting by P10-P12 all cortical layers were distinguishable (Fig. 8B,C).
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Cell-specific AMPAR subunit expression was examined in subplate and cortex. Subplate
neurons were the first cell type to express AMPARSs. Between P1 and P9, subplate neurons
showed expression of GIuR1 and GluR4 (Fig. 9A1-C1, J1-L 1), whereas little to no GluR2
or GIuR3 was present (Fig. 9D1-F1, G1-11). At P10-P12, subplate neurons acquired GIuR2
and GIuR3 expression (Fig. 9D2-F2, G2-12), although the expression of GIuR1 and GluR4
did not appreciably change during the first 2 postnatal weeks (Fig. 9A2— C2, J2-L2).
Between P14 and P21, GIuR1 and GIluR4 expression decreased on the remaining subplate
neurons, as the population diminished, while GIuR2 and GIuR3 levels remained elevated
(data not shown).

Prior to the second postnatal week, pyramidal and nonpyramidal cortical neurons expressed
little to no AMPARS. GIuR1 was the first subunit to appear in this population and was
weakly positive by P7 on layer V pyramidal neurons (data not shown). Pyramidal neuron
GIluR1 expression increased during the second postnatal week, peaking at P10-P12 (Fig.
10A1-C1), compared with younger and older ages (Fig. 10A2—C2). In contrast, GIuR2 and
GIuR3 were minimally expressed on pyramidal neurons from P1 through P12 (Fig. 10D1-
F1, G1-11) but became evident at P14-P21 (Fig. 10D2-F2, G2-12). Pyramidal neuron
GluR4 expression was low at all ages compared with glial cells or other neuronal subtypes
(Fig. 10J1-L1, J2-L2).

Double labeling with GAD-65 or GABA and AMPAR subunits revealed minimal expression
of AMPARs on nonpyramidal neurons prior to P10-P12 (data not shown). At P10,
nonpyramidal neurons labeled for GluR1, GIuR3, and GluR4 subunits (Fig. 11A1-C1, G1-
11, J1-L1), and staining for all three subunits appeared to increase by P21 (Fig. 11A2-C2,
G2-12, J2-L2). Strikingly, GIuR2 expression on nonpyramidal neurons was low at all ages
relative to other cell types and did not increase with age (Fig. 11D1-F1, D2-F2).

Strain-specific differences in temporal onset of AMPAR subunit expression: a comparison
study between Sprague Dawley and Long Evans rats

The developmental profile of regional susceptibility to H/I varies in models using different
rat strains (Jensen et al., 1991; Sheldon et al., 1996; Owens et al., 1997; Follett et al., 2000;
Cai et al., 2001; Back et al., 2002). We therefore compared the temporal and regional
developmental expression of AMPARS between LE and SD rats, two widely used strains for
animal model studies. We examined the developmental patterns of specific AMPAR white
matter subunits on all cell types, with a particular interest on OLs and cortical neurons,
because AMPARSs on these cell types have been postulated as critical for H/I
pathophysiology in white matter and gray matter. We first analyzed the differences in white
matter and cortical cellular maturation and then examined strain-specific differences in
AMPAR subunit expression.

As described earlier, white matter maturation was assessed by differential expression of
astroglial-stage-specific (vimentin, GFAP) and OL-stage-specific (04, O1, GalC, and MBP)
markers. In contrast to LE rats, in which vimentin*/GFAP* radial glia represented the major
astroglial population in the white matter prior to P7-P9 (Fig. 3A1-C1), there was a
significant increase in vimentin”/GFAP* mature astrocytes already at P3 in SD rats (Fig.
12A1-C1). However, by P7 there was no significant difference between both strains (Figs.
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3D1-F1, 12D1-F1). OL-lineage marker antibodies demonstrated the same earlier
progression in SD compared with LE rats. In LE rats, only scattered O4*/GalC* immature
OL were observed in the pericallosal white matter between P1 and P5 (Fig. 3A2-C2),
whereas O4*/GalC* OLs were substantially more abundant in SD rats of the same age (Fig.
12A2-C2). At P7, immature (O4*/GalC™) OLs predominated in both LE (Fig. 3D2-F2) and
SD (Fig. 12D2-F2) rats. Interestingly, the earliest onset of MBP expression was first
observed in OL cell bodies in the pericallosal white matter at P7 in both strains (data not
shown).

With respect to AMPAR subunit expression, in both LE and SD rats, GIuR4 and GIuR2
subunits on developing astroglia followed a similar expression pattern. GluR4 was
expressed on both vimentin*/GFAP* radial glia and vimentin™/GFAP™* differentiated
astrocytes. However, GIuR2 was not expressed in radial glia and increased with maturation
on differentiated astrocytes. Relative to LE rats, GIuR2™" astrocytes were already seen in SD
rats at P5 (data not shown). OLs in SD rats showed robust GluR4 staining at P3 and P7 (Fig.
13D - 1), in contrast to LE rats, in which high GIuR4 expression was first observed at P6-P7
(Fig. 5J1-L1). In both strains, GIuR4 levels were decreased by P10 and P14. Similar to LE
rats, GIUR2 expression on O4* OLs in the SD rat was low at all ages analyzed (data not
shown).

Differences in cortical development between strains were assessed by comparing age-
dependent neuronal laminar patterns, visualized via NeuN immunostaining (data not
shown). Consistent with differences in white matter maturation, SD rats revealed an earlier
appearance and expansion of all six cortical layers coincident with a marked decrease of the
subplate by P7, although these changes were not seen until P10 in the LE rat.

Differences in AMPAR expression between the two strains were also apparent in subplate
and cortical neurons. In contrast to LE rats, in which subplate neurons at P7 showed robust
expression of GluR2-lacking AMPARs (see Fig. 9), the peak expression of GluR2-lacking
AMPARSs occurred earlier, at P3—P5, in SD rats (data not shown). In SD rats, GIuR1 subunit
was highly expressed on pyramidal and nonpyramidal neurons at P7 (Fig. 14D1-F1),
whereas in LE rats high GIuR1 expression was not observed until P10-P12 (Fig. 10A1-C1).
Likewise, in SD rats, GIuR2 subunit was apparent on pyramidal neurons at P10 (Fig. 14G2-
12), in contrast to the case in LE rats, in which GIuR2 was low at P11 (Fig. 8D1-F1) and
first became visible between P14 and P21 (Fig. 8D2-F2).

DISCUSSION

The present study details the developmental regulation of regional and cellular AMPAR
subunit expression in rodent cerebrum. In both white and gray matter, there are transient
periods of development in which AMPARs 1) supercede adult levels and 2) exhibit a
relative GIuR2 deficiency, consistent with a Ca2*-permeable state. The present study is the
first to investigate the cellular distribution and temporal regulation of all AMPAR subunits
in the developing white matter and cortex and to evaluate specifically the differential
expression of GluR2-lacking AMPARs on all glial and neuronal subtypes during the first 3
postnatal weeks in rat. During the first postnatal week, GIuR2-lacking AMPARSs were
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expressed predominantly on white matter cellular elements, including radial glia, pre-OLs,
and subplate neurons, whereas, during subsequent development, these AMPARs were highly
expressed on cortical neurons, coincident with decreased expression on white matter cells.

In both white and gray matter, the periods of high GIuR2 deficiency correspond to those of
regional susceptibility to H/I injury, supporting prior studies suggesting a critical role for
Ca?*-permeable AMPARSs in excitotoxic cellular injury and epileptogenesis. Furthermore,
the developmental regulation of these receptor subunits strongly suggests that Ca2* influx
through GluR2-lacking AMPARs may play an important role in neuronal and glial
differentiation as well as myelination of the immature brain.

Potential role of Ca?*-permeable AMPARSs in regional selectivity of H/I injury during
development

The AMPA subtype of glutamate receptors are widely expressed on developing neurons and
glia and have been postulated as critical for certain forms of perinatal H/I brain injury and
seizures (Pellegrini-Giampietro et al., 1992). In P7 rats, systemic administration of AMPAR
antagonists are highly protective against H/I injury to developing OLs (Follett et al., 2000,
2004) and can significantly reduce H/I cortical neuronal injury (Hagberg et al., 1994).
Similarly, treatment with specific AMPAR antagonists, rather than NMDAR antagonists or
GABAR agonists, is highly effective in suppressing hypoxia-induced seizures in P10-P12
rats and prevents later increases in seizure-induced neuronal injury (Jensen et al., 1995; Koh
and Jensen, 2001; Koh et al., 2004).

Further support for an excitotoxic role for Ca?*-permeable AMPARSs is derived from in vitro
data. In OL cultures, susceptibility to AMPAR-mediated cell death is developmentally
regulated. Immature OLSs in culture express Ca2*-permeable AMPARs (ltoh et al., 2002;
Deng et al., 2003; Rosenberg et al., 2003). Immature OLs, but not mature OLs, are highly
susceptible to both oxygen glucose deprivation (OGD) and direct AMPA/KA receptor-
mediated toxicity (Fern and Moller, 2000; Deng et al., 2003; Rosenberg et al., 2003) The
same age dependence in vulnerability to AMPA toxicity was observed in neuronal cultures,
which correlates with the expression of Ca2*-permeable AMPARS (Jensen et al., 1998b,
2001). In neurons, in addition to mediating excitotoxicity, Ca?* influx through GIluR2-
lacking AMPAR has been implicated in developmental synaptic plasticity and
epileptogenesis (Gu et al., 1996; Sanchez et al., 2001, 2005). In contrast to immature OLs
and neurons, cultured astrocytes are more resistant to H/I or AMPA/KA receptor-mediated
excitotoxicity (Lyons and Kettenmann, 1998; Yamaya et al., 2002), and this may be due to
expression of AMPARSs with lower Ca2* permeability (Yamaya et al., 2002).

Developmental regulation of AMPAR subunit expression in the rodent white matter

Our data demonstrate that, in the white matter, all four AMPAR subunits were expressed as
early as P3, but each subunit showed different postnatal changes. During the first 2 postnatal
weeks, GIuR4 and GIuR3 expression transiently exceeded the adult levels, peaking at about
P7, in contrast to GIuR1 and GIuR2 subunits expressed below the adult levels. Moreover,
total non-GIluR2/GIuR2 ratios peaked between P3 and P7, suggesting that the highest levels
of GluR2-lacking AMPARs are transiently expressed in the developing white matter during
the first postnatal week, the time of greatest susceptibility to H/I white matter injury.
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Consistent with an “inside-out” gradient, the first cells to express AMPARS in white matter
were the radial glia. Between P1 and P5, radial glia possesses AMPARs composed of GIuR3
and GluR4 subunits, with minimal GIuR1 or GIuR2. This novel finding suggests that Ca2*-
permeable (GluR2-lacking) AMPARs might be transiently expressed on cerebral radial glia
in situ and is consistent with previous in vitro observations (Lopez et al., 1994). Recent
studies have demonstrated that at the time of neurogenesis these cells can themselves
generate neurons, in addition to providing guidance for neuronal migration toward the
developing cortical plate (Noctor et al., 2001, 2002; Tamamaki et al., 2001). After birth,
when neuronal migration is complete, radial glia transform into astrocytes and also migrate
to the overlying structures (Takahashi et al., 1990; Gressens et al., 1992). Ca2* influx into
radial glia via AMPARs may influence these complex maturational events. On the other
hand, the presence of Ca*-permeable AMPARs may render radial glia more susceptible to
excitotoxic or traumatic injury and may play a role in the formation of laminar or focal
cortical dysgenesis (Gressens et al., 1992; Super et al., 2000; Levison et al., 2001).

Mature astrocytes demonstrated robust GIuR2 subunit expression starting around P7,
coincident with their morphological transformation from immature cells (i.e., radial glia).
These results indicate that, similar to hippocampal astrocytes (Seifert and Steinhauser, 1995;
Seifert et al., 1997), white matter astrocytes may possess AMPARSs with low Ca2*
permeability, which may explain the relative resistance of this cell type to H/I injury.

A different expression pattern was observed in pre-OLs. At about P7, GIuR4 containing
AMPARs were transiently expressed on pre-OLs, as previously reported by us and others
(Ong et al., 1996; Follett et al., 2000). Similar to radial glia, but in contrast to astrocytes,
GIuR2 expression in pre-OLs was relatively low, which correlates with functional studies
demonstrating that AMPARS expressed on developing OLs display increased Ca?*
permeability (Fulton et al., 1992; Bergles et al., 2000; Itoh et al., 2002; Deng et al., 2003;
Follett et al., 2004). In contrast, mature MBP* OLs express low levels of AMPARs,
including GIuR2, and are relatively resistant to AMPAR-mediated and H/I injury in vitro
and in vivo (Follett et al., 2000; Deng et al., 2003; Rosenberg et al., 2003). The presence of
GluR2-lacking AMPARSs in pre-OLs in situ correlates closely with observations of
protective efficacy of AMPAR antagonists in selective H/I white matter injury in the first
postnatal week (Follett et al., 2000, 2004). Furthermore, their presence on migrating pre-
OLs raises the intriguing possibility that glutamate may be playing a trophic or chemotactant
role in OL process guidance. Indeed, glutamate and glutamate receptor antagonists have
been shown to have potent effects on differentiation and migration of pre-OLs in vitro
(Gallo et al., 1996; Yuan et al., 1998).

Developmental regulation of AMPAR subunit expression in the rodent cortical gray matter

In the cortex, GIuUR1-GluR4 subunits were also expressed as early as P3. GIuR1 expression
was significantly higher than in adult during the entire developmental window analyzed
(P3-P21), peaking at P10—P12. In contrast, GIuR2, GIuR3, and GIluR4 subunits increased
progressively with age but were still expressed at lower-than-adult levels by P21.
Consequently, GIuR1/GIuR2 and total non-GluR2/GIuR2 ratios were significantly higher
between P7 and P9, compared with adult ratios, consistent with increased expression of
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GluR2-lacking AMPARSs in the developing cortex during the second postnatal week, the
interval of greatest neuronal susceptibility to H/I.

As in white matter, expression of AMPARSs during cortical development followed an
“inside-out” gradient. Cortical AMPAR expression began later than that in white matter, and
the subplate neurons were the first cells to express AMPARs within cortex. These findings
are consistent with the observation that electrophysiological AMPAR responses are
observed earlier on subplate neurons compared with cortical neurons in situ in perinatal rats
(Hanganu et al., 2002; Luhmann et al., 2003). By the end of the first postnatal week (P7),
GluR1- and GluR4-containing AMPARSs were highly expressed on subplate neurons,
whereas GIuR2 and GIuR3 levels were low, suggesting that these receptors might be Ca2*
permeable during early postnatal life. The subcortical plate represents a transient structure,
with subplate neurons and newly migrated cortical plate neurons forming a complex
network (Friauf et al., 1990; Friauf and Shatz, 1991). This early transitional cortical network
may play an important role in the development of cortical excitatory and inhibitory
connections (Ghosh and Shatz, 1993; Kanold et al., 2003). The transient expression of Ca%*-
permeable AMPARS on subplate neurons may contribute to heightened synaptogenesis and
synaptic plasticity during this critical period of development. At the same time, these
receptors may contribute to selective vulnerability of sub-plate neurons to H/I or excitotoxic
injury (Lein et al., 1999; Super et al., 2000; McQuillen et al., 2003) and might underlie the
disruptive effects of deep cortical injury during the first postnatal week on subsequent
cortical organization and excitability (Ghosh and Shatz, 1993; Lein et al., 1999; Super et al.,
2000).

Cortical pyramidal neurons exhibited a similar developmental lag in GIuR2 and GIuR3
expression relative to GIuR1. GIuR1 expression was most prominent around P10, whereas
GIuR2 and GIuR3 subunit expression became apparent later, between P14 and P21. Our
finding that GIuR2-lacking (Ca?*-permeable) AMPARs are transiently expressed on cortical
pyramidal neurons during the second postnatal week is in agreement with previous reports
showing the functional presence of these receptors on pyramidal neurons in brain slices
removed from P10-P14 rats (Sanchez et al., 2001; Kumar et al., 2002). The role of these
receptors in excitotoxicity, synaptogenesis, and plasticity in the immature brain is unknown.
However, AMPARSs have been shown to be critical for the epileptogenic effects of hypoxia
in the P10-P12 rat pup (Jensen et al., 1995, 1998a; Koh and Jensen, 2001; Sanchez et al.,
2001, 2005; Koh et al., 2004). It appears that specific signaling pathways downstream from
these Ca2*-permeable receptors on pyramidal neurons in the developing rodent brain induce
functional changes in neuronal excitability and synaptic plasticity (Sanchez et al., 2001,
2005). Furthermore, AMPAR antagonists selectively block the epileptogenic effects of
hypoxia and attenuate cortical injury in developing brain (Hagberg et al., 1994; Koh and
Jensen, 2001; Koh et al., 2004).

A different expression pattern was observed in inter-neurons. Despite significant increases
in GIuR2 expression on pyramidal neurons between P14 and P21, the majority of
interneurons continued to show a relative lack of GIuR2, suggesting the persistence of Ca2*-
permeable AMPARs. These findings support a large number of studies showing that, in the
adult brain, mature interneurons possess functional Ca*-permeable AMPARs with inwardly
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rectifying current-voltage (1-V) relationships and glutamate-agonist-induced Ca%* entry
(Hestrin, 1993; Jonas et al., 1994). It has been postulated that the interneurons are protected
from excitotoxicity, in part because of high intracellular levels of CaZ*-binding proteins,
such as calbindin (Goodman et al., 1993). Notably, in the first 2 postnatal weeks,
interneurons possess significantly lower levels of Ca2*-binding proteins compared with
adult levels (Alcantara et al., 1993) and therefore may be selectively vulnerable to H/I
injury. Indeed, induced status epilepticus in the immature brain results in prominent
interneuronal injury (da Silva et al., 2005), and H/I in the first postnatal weeks decreases
interneuron density later in life (Goodman et al., 1993).

Strain-dependent differences in temporal profile of AMPAR subunit development

This is the first study to perform a detailed analysis of AMPAR subunit expression
differences between two widely used rat strains. These data show that, in SD rats, GluR2-
lacking AMPARs were maximally expressed on white matter OLs at P3—P5, whereas LE
rats showed high levels of GluR2-lacking AMPARs on OLs at P6-P7. Likewise, the loss of
GluR2-lacking radial glia occurred after P3 in SD rats but not until after P5 in LE rats. A
similar maturational leftward shift for AMPARs in SD compared with LE rats was observed
for subplate and cortical neurons. In SD rats, there was a peak of GIUR1 expression in
association with a relative GIuR2 deficiency on subplate neurons at P3—P5 and on cortical
neurons between P7 and P9 compared with later ages. By contrast, in LE rats, this pattern
occurred around P7 on subplate neurons and between P10 and P12 on cortical neurons.
Overall, the SD rats appeared for a given chronological age to be approximately 2-3 days
more mature with respect to cell lineage changes and AMPAR expression than the LE rats.
This discrepancy helps to explain modest differences in stated susceptibility windows in
rodent H/I and epilepsy model literature. For example, the selectivity of H/I injury for white
matter between P1 and P3 has been reported for SD rats (Back et al., 2002; McQuillen et al.,
2003), whereas, in LE rats, the window of greatest vulnerability of white matter to H/I and
glutamate agonist injection is P6-P7 (Follett et al., 2000). Similarly, several studies report
that the P7 SD rat shows severe cortical injury when exposed to H/I (Andine et al., 1990;
Grafe, 1994), whereas, in the LE rat, there is maximal injury at P10-P12 (Jensen et al.,
1994; Chen et al., 1998). Likewise, hypoxia causes seizures in LE rats at P10 (Jensen et al.,
1991) but not at earlier ages, and seizures are best elicited by hypoxia at P8 in SD rats
(Owens et al., 1997). In understanding these strain differences, it is important to consider the
effect of gestational age. The average gestation for LE rats is 21 days, whereas gestation in
the SD rat is 23 days. Hence the reported 2—-3-day lag between the two strains may well be
simply due to differences in the duration of gestation, such that, for example, a P6—-P7 LE rat
has a postconceptional age equivalent to that of a P3—P5 SD rat. The differences in AMPAR
expression between the two strains thus vanish if postconceptional age is the critical
variable. Nevertheless, differences in AMPAR subunit progression between the strains have
important implications when evaluating specific ages with respect to their suitability for
modeling human disease and development. Moreover, it is likely that other rat strains will
show different patterns of variation, and this study suggests that such comparisons might
have to be made on a case-by-case basis.
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Fig. 1.
Developmental regulation of membrane-expressed AMPAR subunits in the white matter

from Long Evans rats. Western blot quantification of GIuR1-GIuR4 subunits in the rat white
matter at different postnatal ages, compared with adult standard (100/%), demonstrates that,
at P7, GIuR1 (A) and GIuR2 (B) subunits are expressed at lower-than-adult levels, whereas
GIuR3 (C) and GluR4 (D) expression is significantly up-regulated. Insets are corresponding
Western blots.
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Fig. 2.

P3 P7 P11 P21 Adult

Non-GluR2/GIuR?2 ratios in the white matter from Long Evans rats, expressed as a function
of postnatal age. GIuR1/GIuR?2 ratio (A) shows no significant variation with age, whereas
GIuR3/GIuR2 (B), GIuR4/GIuR2 (C), and total nonGIluR2/GIuR2 ratios (D) are significantly

higher at P3 and P7, relative to adult.
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Fig. 3.

W?ﬂte matter cellular development in Long Evans rats, assessed by atroglial and
oligodendroglial stage-specific markers. Developing astroglia (A1-F1) is represented mainly
by vimentin*/GFAP* radial glia at P3 (A1-C1); at P7 (D1-F1) vimentin=/GFAP* mature
astrocytes predominate. Developing oligodendroglia (A2—F2) is represented predominantly
by 04*/GalC~ OL precursors at P3 (A2—-C2) and by 04*/GalC* immature OLs at P7 (D2-
F2). MBP-expressing mature OLs represent only a minor population at P7 (A3), but their
number increase progressively with age, as seen at P10 (B3) and P14 (C3). Scale bars = 20
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pum in C1 (applies to A1-F1); 10 pm in C2 (applies to A2—F2); 50 um in C3 (applies to A3-
C3).
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Fig. 4.
Maturational profile of AMPAR subunit expression on developing astroglia from Long

Evans rats. Radial glia is the first cell type to express AMPAR subunits (A1-L1). At P3,
radial glia cell bodies and proximal processes, labeled with vimentin (Al-FI and J1-L1) and
GFAP (G1-I11), are intensely GIuR3 (G1-I11) and GluR4 (J1-L1) positive, whereas GIuR1
(A1-C1) and GIuR2 (D1-F1) levels are low. At P11, GFAP* astrocytes (A2-L2) express
increased GIuR2 (D2-F2), GIuR3 (G2-12), and GIuR4 (J2-L2), whereas intense GIuR1
expression in the subcortical white matter is observed exclusively in nonastrocytic cellular
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elements (A2—-C2). Scale bars = 10 pm in C1 (applies to A1-L1); 10 pm in C2 (applies to
A2-L2).
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2
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Fig. 5.

Dﬁ‘ferential AMPAR subunit expression on white matter pre-oligodendrocytes from Long
Evans rats. At P7 (A1-L1), during the time of peak expression, immunocytochemical
analysis of the 04" (A1-F1 and J1-L1) orGalC* (G1-I1) pre-OLs demonstrates increased
GluR4 immunoreactivity on both cell bodies and processes (J1-L1), in contrast to a relative
lack in GIuR1 (A1-C1), GIuR2 (D1-F1), and GIuR3 (G1-11). At P11 (A2-L2), AMPAR
expression on 04+ (A2-F2 and J2-L2) or GalC*(G2-12) pre-OLs demonstrates that GIuR4
immunoreactivity is substantially diminished (J2-L2), although the relative GIuR1 (A2-
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C2), GIuR2 (D2-F2), and GIuR3 (G2-12) deficiency persists at this age. Scale bars = 10 yum
in C1 (applies to A1-L1); 10 um in C2 (applies to A2-L2).
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Developmental regulation of AMPAR subunits in cortical membrane fractions from Long
Evans rats. Western blot analysis of AMPAR subunits during the first 3 postnatal weeks
demonstrates that, relative to adult levels (100%), GIuR1 (A) expression levels are
significantly increased between P7 and P14, whereas, at the same age, GIuR2 (B), GIuR3
(C), and GluR4 (D) expression remains below adult levels. Insets are representative

Western blots.
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Fig. 7.
Non-GluR2/GIuR2 ratios in the cortex from Long Evans rats, expressed as a function of

postnatal age. GIuR1/GIuR2 (A) and total nonGIluR2/GIuR2 (D) ratios are significantly
higher at younger ages relative to adult, peaking at P7-P9. By contrast, during the entire
developmental window analyzed, GIuR3/GIuR2 (B) and GluR4/GIuR2 (C) are low and
comparable to adult values.
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Fig. 8.
Layer-specific cortical maturational changes in Long Evans rats, assessed by NeuN

immunoreactivity. At P7 (A), the developing cortex is characterized by the presence of a
thick subcortical plate (SP) located beneath the cortical plate. At P11 (B), the subplate
slightly diminishes, and, in the overlying cortex, all layers are visible. At P14 (C), the
subplate region is indistinguishable from the cortex, which increases significantly in
thickness. Scale bar = 50 pm.
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Fig. 9.
Expression profile of AMPAR subunits on the subplate neurons in Long Evans rats during

early postnatal development. At P7 (A1-L1), coronal sections double labeled with NeuN
(A1-F1 and J1-L1) and neuron-specific enolase (NSE; G1-11) show subcortical neurons
strongly labeled with GIuR1 (A1-C1) and GluR4 (J1-L1) but only to a very minimal extent
with GIuR2 (D1-F1) and GIuR3 (G1-I11). In contrast, at P11 (A2-L2), double labeling with
NeuN (A2-F2 and J2-L2) and NSE (G2-12) demonstrates that, although the GIuR1 (A2-
C2) and GluR4 (J2-L2) staining pattern remains unchanged, subplate neurons display
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intense GIuR2 (D2-F2) and GIuR3 (G2-12) immunoreactivity. Scale bars = 10 ym in C1
(applies to A1-L1); 10 um in C2 (applies to A2-L2).
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Fig. 10.
Age-specific changes in AMPAR subunit expression on layer V cortical pyramidal neurons

in Long Evans rats during the second and third postnatal weeks. At P11 (A1-L1), cortical
pyramidal neurons, labeled with NeuN (A1-F1 and J1-L1) and NSE (G1-11), express high
GIluR1 levels (A1-C1), in contrast to minimal GluR2 (D1-F1), GIuR3 (G1-I11), and GluR4
(J1-L1) expression. At P18 (A2-L2), immunostaining with NeuN (A2-F2 and J2-L2) and
NSE (G2-12) in combination with AMPAR subunits demonstrates that pyramidal neuron
GIuR1 expression (A2-C2) is substantially less than at P11 (A1-C1), although both GIuR2
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(D2-F2) and GIuR3 (G2-12) expressions are now much more robust relative to P11 (D1-
11). GIuR4 levels (J2-L2) remain in contrast constantly low. Scale bars = 10 um in C1
(applies to A1-L1); 10 um in C2 (applies to A2-L2).
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Fig. 11.
Distinct postnatal developmental regulation of GIuR1- GluR4 AMPAR subunits in layer VI

cortical nonpyramidal neurons from Long Evans rats. At P10 (A1-L1), nonpyramidal
neurons, labeled with GAD-65 (A1-F1 and J1-L1) and GABA (G1-11), demonstrate GIuR1
(A1-C1), GIuR3 (G1-11), and GluR4 (J1-L1) labeling on both cell bodies and processes, in
contrast to a relative lack of GIuR2 (D1-F1) immunoreactivity. At P21 (A2-L2), GAD-65
(A2-F2 and J2-L2)- and GABA (G2-12)-immunopositive nonpyramidal neurons show an
increased GIuR1 (A2-C2), GIUR3 (G2-12), and GluR4 (J2-L2) expression, without a
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significant change in GIuR2 (D2-F2) staining. Scale bars = 10 um in C1 (applies to A1-L1);
10 um in C2 (applies to A2-L2).
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Fig. 12.
Astroglial and oligodendroglial lineage maturation in Sprague Dawley rats revealed by

differential expression of stage-specific markers. Vimentin”/GFAP* astrocytes are abundant
at P3 (A1-C1) and predominate at P7 (D1-F1). Similarly, O4*/GalC* pre-OLs are
numerous at P3 (A2-C2), increasing at P7 (D2-F2). Scale bars = 20 um in C1 (applies to
Al1-F1); 10 pm in C2 (applies to A2-F2).
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Fig. 13.
Specific regulation of GIuR4 subunit on O4* pre-OLs in Sprague Dawley rats. White matter

pre-OLs display minimal GIuR4 expression at P1 (A—C) but show robust GluR4 staining at
P3 (D-F) and P7 (G-I). Scale bar = 10 um.
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Differential regulation of AMPAR subunits GIuR1 (A1-11) and GIuR2 (A2-12) on cortical
neurons in Sprague Dawley rats. GIuR1 subunit expression (A1-11) is highest on pyramidal
and nonpyramidal neurons at P7 (D1-F1), compared with P5 (A1-C1) and P10 (G1-I1).
GIuR2 expression (A2-12) remains low at P5 (A2-C2) and P7 (D2-F2) and increases
substantially on pyramidal neurons at P10 (G2-12). Scale bars = 20 ym in C1 (applies to
Al-I11); 20 um in C2 (applies to A2-12).
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