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Abstract
This report is the second of a two-part evaluation of developmental differences in α–amino-3-
hydroxy-5-methyl-4-isoxazole-propionic acid (AMPA) receptor subunit expression in cell
populations within white matter and cortex. In Part I, we report that in rat, developmental
expression of Ca2+ permeable (GluR2-lacking) AMPARs correlated at the regional and cellular
level with increased susceptibility to hypoxia/ischemia (H/I), suggesting an age-specific role of
these receptors in the pathogenesis of brain injury. Part II examines the regional and cellular
progression of AMPAR subunits in human white matter and cortex from midgestation through
early childhood. Similar to the rodent, there is a direct correlation between selective vulnerability
to H/I and expression of GluR2-lacking AMPARs in human brain. In midgestational cases aged
20-24 postconceptional weeks (PCW) and in premature infants (25-37 PCW), we found that radial
glia, premyelinating oligodendrocytes and subplate neurons transiently expressed GluR2-lacking
AMPARs. Notably, prematurity represents a developmental window of selective vulnerability for
white matter injury, such as periventricular leukomalacia (PVL). During term (38-42 PCW) and
post-term neonatal (43-46 PCW) periods, age windows characterized by increased susceptibility to
cortical injury and seizures, GluR2 expression was low in the neocortex, specifically on cortical
pyramidal and non-pyramidal neurons. This study indicates that Ca2+ permeable AMPAR
blockade may represent an age-specific therapeutic strategy for potential use in humans.
Furthermore, these data help validate specific rodent maturational stages as appropriate models for
evaluation of H/I pathophysiology.
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INTRODUCTION
Hypoxia/ischemia (H/I) represents a major cause of perinatal brain damage, affecting both
preterm and term infant populations (Volpe, 2001;Ferriero, 2004). Hypoxic/ischemic injury
can occur at midgestation in utero with premature labor, maternal hypotension or placental
insufficiency (Grafe, 1994). In preterm infants, H/I most often occurs in the setting of
pulmonary immaturity, systemic hypoperfusion, inadequate cerebrovascular autoregulation,
or as a complication of inflammation due to maternal-fetal infection (Rorke, 1992;Tsuji et
al., 2000;Volpe, 2001;Wu, 2002;Kinney and Armstrong, 2002). At term, H/I is most
commonly the result of perinatal asphyxia, respiratory insufficiency, sepsis, or as a
complication of extracorporeal membrane oxygenation (ECMO) or cardiac corrective
surgery with cardiopulmonary bypass (Bellinger et al., 1995;Ferriero, 2004).

The neuropathologic patterns, clinical presentations and sequelae of H/I injury are highly
age-dependent, despite the similar initiating insult. Cerebral white matter injury, or
periventricular leukomalacia (PVL), is prevalent following H/I injury in the very premature/
midgestational cases (20-24 postconceptional weeks, PCW) and slightly older preterm
infants (25-37 PCW) (Banker and Larroche, 1962;Barkovich and Sargent, 1995;Okumura et
al., 1997;Rorke, 1998;Volpe, 2001). The neuropathological features of PVL include focal
necrosis involving loss of all cellular elements, as well as diffuse injury to developing
oligodendrocytes (OLs), gliosis and subsequent hypomyelination (Banker and Larroche,
1962;Dambska et al., 1989;Rorke, 1998;Kinney and Armstrong, 2002;Kinney et al., 2004).
Although the cortex is relatively spared with respect to acute injury (Marin-Padilla, 1997),
MRI imaging reveals secondary cortical thinning at birth and later infancy (Inder et al.,
1999;Inder et al., 2003). PVL represents the major antecedent of the neuromotor deficit
cerebral palsy and is also associated with cognitive deficits (Hack et al., 2000;Peterson et al.,
2000;Volpe, 2001;Hack et al., 2002).

In contrast, term infants and neonates suffering from H/I encephalopathy exhibit
predominantly grey matter lesions and seizures (Hauser et al., 1993;Okumura et al.,
1997;Estan and Hope, 1997;Saliba et al., 1999;Volpe, 2001;Kinney and Armstrong,
2002;Cowan et al., 2003). The most affected brain regions around term are the perirolandic
cortex, hippocampus, and subcortical grey matter structures including the thalamus and
basal ganglia (Barkovich, 1992;Maller et al., 1998;Roland et al., 1998;Kinney and
Armstrong, 2002). The neuropathologic substrate of these lesions is selective neuronal loss
followed by gliosis (Marin-Padilla, 1999;Kinney and Armstrong, 2002). The resulting
neurological deficits in this population include motor deficits, mental retardation and
epilepsy (Okumura et al., 1997;Rivkin, 1997;Volpe, 2001;Mercuri et al., 2004).

The pathogenesis of perinatal H/I brain injury in humans is likely to involve multiple
mechanisms. Regional and cellular vulnerability to H/I is governed by complex
developmental factors, including regional metabolic and vascular factors (Volpe,
2001;Ferriero, 2004), as well as differential intrinsic cellular stressors (Follett et al.,
2004;Folkerth et al., 2004). Experimental animal models reveal that critical factors in H/I
injury are glutamate accumulation (Benveniste et al., 1984;Silverstein et al., 1991;Vannucci
et al., 1999;Loeliger et al., 2003) followed by excessive glutamate receptor (GluR)
activation (Hagberg et al., 1994;Jensen et al., 1995;Chen et al., 1998;Follett et al., 2000;Koh
and Jensen, 2001;Follett et al., 2004). Clinically, elevated glutamate levels have been
demonstrated in the cerebrospinal fluid of infants suffering perinatal H/I injury (Gucuyener
et al., 1999), strongly suggesting that similar mechanisms may be implicated in H/I brain
damage in the human infant.
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The α–amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid (AMPA) glutamate receptor
subtype is heteromeric in structure, comprised of a combination of the GluR1, GluR2,
GluR3 and GluR4 subunits, and is permeable to Ca2+ when GluR2 is lacking (Hollmann and
Heinemann, 1994). Ca2+ influx through GluR2-lacking AMPARs represents a major
mechanism implicated in the normal processes of synaptic plasticity, learning and memory
(Massicotte and Baudry, 2004). However, under pathologic conditions in which there is
glutamate accumulation, these receptors become excessively activated, leading to elevated
Ca2+ influx, which has been shown to be a major mechanism of H/I glial and neuronal
injury and epilepsy (Friedman and Veliskova, 1999;Sanchez et al., 2001;Jensen et al.,
2001;Deng et al., 2003;Follett et al., 2004).

In part I of this two-part study evaluating regional and cellular developmental regulation of
AMPARs, we demonstrated that age-specific elevated expression of GluR2-lacking
AMPARs in the immature rat brain correlates with developmental windows reported to
exhibit high regional and cellular increases in susceptibility to H/I (Talos et al., 2005). In
Part II we hypothesized that AMPAR subunit expression in the human perinatal brain would
demonstrate an age- and cell-specific pattern similar to the rat. Furthermore, given age-
related differences in regional vulnerability to H/I, we specifically hypothesized that GluR2
subunit is relatively lacking on cells within white matter in midgestational and preterm
tissue and on cells within cortex in term and post-term neonatal brain. As in Part I of this
study, we evaluated the developmental expression of each AMPAR subunit in human
perinatal white matter and cortex by immunoblotting and by immunofluorescence double-
labeling, to evaluate the differential expression of GluR2-lacking AMPARs in the
component cell populations in these regions.

MATERIALS AND METHODS
Human subjects

Brain specimens were collected prospectively from the fetal, pediatric and adult autopsy
populations of the Children's Hospital and Brigham and Women's Hospital, Boston (n=32).
The samples were obtained from standard diagnostic postmortem examinations and all
procedures and experiments were conducted under guidelines approved by the hospitals’
Institutional Review Boards. Neuropathologic examinations were done on all cases by one
of us (R. D. F.), and included macroscopic evaluations of the brain in situ and after removal,
as well as microscopic examination. For light microscopic diagnosis a minimum of 5 blocks,
including cerebral cortex, white matter, deep grey matter structures, hippocampus, brainstem
and cerebellum, were taken in each case. Tissues fixed in 4% paraformaldehyde were cut,
embedded in paraffin, and processed in standard fashion. Slides were stained with
hematoxylin-and-eosin. Additional control cases were obtained from University of
Maryland Brain Tissue Bank for Developmental Disorders (n=14). All specimens included
in this study were diagnosed as controls; since this is a baseline (normative) study, cases
with evidence of white matter and /or cortical injury, as well as central nervous system
malformations, were specifically excluded. The relevant clinical and neuropathological data
of all 46 human brain specimens used in this study are summarized in the Results section
(Table 1).

Western Blot Analysis
Immunoblotting—Western blot analysis was performed on tissue homogenates of
dissected white matter (n=16) and cortex (n=22) from cases ranging between 18
postconceptional (gestational plus postnatal) weeks (PCW) and 210 PCW (ca. 3.3 years),
using adult cases as indices of maturity (n=2). At the time of autopsy, the unfixed brain was
examined and parieto-occipital lobe tissue was snap-frozen immediately and stored at –
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80°C. Subsequently, grey and white matter was dissected and homogenized separately for
protein extraction. The protocols used in this study were the same as those described for the
rat in Part I (Talos et al., 2005). After membrane protein extraction, samples were run on
7.5% Tris HCl gels (Bio-Rad, Hercules, CA), transferred onto polyvinylidene difluoride
(PVDF) membranes and subsequently immunostained with antibodies against AMPAR
subunits GluR1-GluR4.

Data analysis—For each receptor subunit, values obtained from densitometry of bands
were normalized to adult standards run on each blot. In addition, nonGluR2/GluR2 ratios
were calculated as described in Part I (Talos et al., 2005). Relative protein levels for
individual AMPAR subunits and their expression ratios were plotted as a function of
postconceptional age (PCA). Regression analyses of PCA on relative GluR1-4 values and
nonGluR2/GluR2 ratios were performed and linear or quadratic regression curves were
fitted to the levels of individual AMPAR subunits and the nonGluR2/GluR2 ratios.
Regression analyses were performed to determine if there was an effect of postmortem
interval (PMI) upon the levels of GluR1-GluR4 subunits. An analysis of covariance was
performed to determine if there was an effect of gender on GluR1-4 expression, controlling
for PCA. In all analyses, a p<0.05 was considered significant. Because of the lack of cases
between 54 and 92 PCW and the small number thereafter, these few older cases were not
included in the statistical analysis.

Immunocytochemistry
Immunostaining of tissue sections—Immunofluorescence double-labeling was
performed in 33 cases ranging between 20-210 PCW. Blocks of parietal lobe cortex and
underlying white matter at the level of the atrium immediately adjacent to the blocks
collected for western blot were taken at the time of autopsy and immersed in fresh 4%
paraformaldehyde in PBS (pH=7.4). Tissue was maintained in the same fixative at 4°C for at
least 48-72 h and then cryoprotected in 30% sucrose in PBS for 24h. Blocks (1 to 1.2 cm
diameter) were cut at 50μm on a freezing microtome (HM 440 E, Microm International,
Germany) and collected serially as free-floating sections. Additional immunocytochemistry
experiments were performed on snap-frozen material. Tissue blocks (1 to 1.2 cm diameter)
were removed from -80°C freezer dropped in a pre-cooled paraformaldehyde-containing
fixative and maintained at -20°C for 1 week. Blocks were cryoprotected in 30% sucrose in
PBS for 24h and cut on a freezing microtome at 80-100μm. The fixative used in these
experiments contained 12g paraformaldehyde and 40g sucrose in100ml 0.1M PBS, 40ml
100% ethanol, 40ml 100% ethylene glycol and 20ml 100% glycerol (Ulfig et al., 1998).

The technique for immunocytochemistry was according to our prior protocols (Follett et al.,
2004;Folkerth et al., 2004) and the same as that used in Part I (Talos et al., 2005). Sections
were labeled with monoclonal glial and neuronal markers (vimentin, GFAP, O4, O1, MBP
and NeuN) in combination with polyclonal GluR1, GluR2 and GluR4 antibodies, as well as
with polyclonal cell markers (GFAP, GalC and NSE) in combination with monoclonal
GluR3 antibodies. Negative controls, in which one or both primary antibodies were omitted,
adding only the secondary antibodies, were run for each condition to exclude false-positive
secondary antibody binding.

Data analysis—Slides were viewed using epifluorescence microscopy on a Zeiss
Axioscope (Germany). At least 3 brains per age group and staining condition and a
minimum of 2 sections per brain were qualitatively analyzed. The distribution patterns of
each AMPAR subunit, including the level of expression, as well as regional and cellular
localization were analyzed on tissue sections processed within the same
immunocytochemical run. The expression levels were compared only within a single
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antibody, as binding characteristics vary between different antibodies. Positive controls were
present in all circumstances of negative staining, either in adjacent regions or in additional
tissue sections.

Preparation of illustrations—Images were captured with a Spot digital camera, using
the Spot Software 4.5 (Diagnostic Instruments, Sterling Heights, MI) and then were
transferred to Adobe Photoshop 7.0 (Adobe Systems, San Jose, CA). The brightness,
contrast and color were adjusted to achieve an optimal quality of the prints, without altering
in any way the individual staining patterns of the antibodies.

Antibodies
Sensitivity and specificity of the GluR1-4 antibodies used here are reviewed in Part I (Talos
et al., 2005). Notably, these antibodies have been successfully used in previous human
studies, both in brain tissue homogenates, as well as immunostaining of tissue sections
(Bernard et al., 1996;Meng et al., 1997;Moga et al., 2003;Murphy et al., 2005). Antibody
specificity in our tissue samples was demonstrated by the presence of single bands in both
cortex and white matter immunoblots, corresponding to the known molecular weight of each
AMPAR subunit and in tissue sections by a staining patterns comparable with previous
published studies. In case of GluR1 and GluR4, preabsorption with corresponding inhibitory
peptides blocked all immunostaining with the respective antibodies, both in western blots
and ICC.

The cell markers used in the human study were the same as the ones applied in the rat and
their concentrations and specificity are described in Part I. Importantly, similar to AMPAR
subunits antisera, most of these antibodies have been used in previous human studies
(Osborn et al., 1984;Bernard et al., 1996;Sarnat et al., 1998;Spreafico et al., 2000;Back et
al., 2001;Haynes et al., 2003;Follett et al., 2004;Kultas-Ilinsky et al., 2004;Folkerth et al.,
2004)

RESULTS
Clinical and pathological evaluation

Normal subjects were included in this study based on combined clinical criteria (cause of
death, survival interval and postmortem interval) and neuropathological diagnosis, as
described below (Table 1), and consistent with previously published studies from our group
(Follett et al., 2004;Folkerth et al., 2004).

Age—The age of the 46 analyzed cases ranged from midgestation through adulthood. In
fetuses, the age was determined by foot measurement. All ages were expressed as
postconceptional age in weeks (PCW), which was calculated as gestational age (GA) plus
postnatal age (PNA), with the exception of the adult cases that were expressed in years of
age. Subjects fell into the following clinically relevant age groups: midgestation (18-24
PCW, n=14), preterm period (25-37 PCW, n=15), term period (38-42 PCW, n=7), post-term
neonatal period (43-46 PCW, n=3), infancy/early childhood (54-210 PCW, n=4) and
adulthood (38-63 years, n=3).

Gender—Both genders (16 females, 29 males, 1 case without available gender
information) were included in the analysis.

Cause of death—In all subjects, the death was due to non-neurological disorders.
Excluding stillbirths (n=10) and pregnancy terminations (n=2), the cause of death in live
born infants included extreme prematurity (n=11), congenital heart defects (n=5), multiple
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congenital anomalies (n=3), pulmonary dysplasia/ hypoplasia (n=2), sepsis (n=2), sudden
infant death syndrome (n=2), drowning (n=2), trauma (n=1), suffocation (n=1),
subarachnoid hemorrhage (n=1) and pulmonary hemorrhage (n=1). Among the adult
population, causes of death included hematological malignancies (n=2) and lung cancer
(n=1).

Survival interval—Fetuses and neonates died within the first week after birth, except for
one case that had a survival interval of 3 weeks.

Postmortem interval (PMI)—In most cases the PMI was less than 24h (n=32), while in
several cases the PMI ranged between 25-53 h (n=13). In one case this information was not
available. For cases with PMI>24h fresh tissue quality at the time of autopsy was assessed
by the neuropathologist, so that only well-preserved, non-macerated tissue was included.

Standard neuropathologic evaluations—No brain abnormalities or lesions were
detected by macroscopic examinations of cerebral cortex, white matter, deep grey matter
structures, hippocampus, brainstem and cerebellum. All cases were diagnosed as
histologically normal or presented minimal prominence of white matter astrocytes, a finding
that in isolation is of uncertain significance (Kinney et al., 2004). These cases (n=10) were
grouped with controls, but were only used for analysis of cortical AMPARs development,
and not for white matter development. Since the purpose of this study was to elucidate
AMPAR expression in normal human brain development, cases with grey matter necrosis or
white matter injury, such as PVL, brain malformations, or any other diagnostic lesion of the
central nervous system, were specifically excluded, to be the subject of separate studies.

Developmental regulation of AMPAR subunit expression in human parietal white matter
The overall aim of this study was to determine the temporal and spatial sequence of
individual AMPAR subunit expression in human parietal white matter and cortex, in a
manner similar to that performed in rodent cerebral cortex in Part I of this study (Talos et al.,
2005).

Relative protein levels of GluR1-4 subunit expression in the human white matter
demonstrated differential developmental trends. Figure 1 shows the normalized GluR1-4
values (% of adult) for individual cases, from midgestation through early childhood, with
either linear or quadratic regression lines superimposed, if significant. If there was no
significant change with age, then a line was drawn through the mean value for expression
across development. These fitted curves demonstrate that between18-46 PCW, GluR1
expression (Figure 1A) in the white matter did not significantly change (p >0.05), while
there were statistically significant variations in GluR2 (p=0.022), GluR3 (p=0.003) and
GluR4 (p=0.004) expression. GluR2 expression (Figure 1B) remained consistently below
adult levels for the time period analyzed, despite a gradual increase with age. Predicted
GluR2 values from the regression analysis of individual points demonstrated a modest
increase from 38% of adult levels at midgestation (20 PCW) to 48% of adult during the
preterm period (30 PCW), to 58% at term (40 PCW), and to 63% during post-term neonatal
period (45 PCW). Unlike GluR2, GluR3 and GluR4 expression was higher than in
adulthood, reaching maximal levels during the preterm period. GluR3 subunit expression
(Figure 1C) superceded adult levels with estimated levels of 668% at 20 PCW, 1626% at
30PCW, and 1058% at 40 PCW, dropping to only 201% of adult at 45 PCW. Similarly,
estimated GluR4 levels (Figure 1D) represented 453% of adult at 20 PCW, increased further
to 1132% at 30 PCW, then modestly decreased to 758% at 40 PCW, and dropped to 175% at
45 PCW. There was no effect of PMI or gender on AMPAR subunit expression in human
white matter (data not shown).
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Since Ca2+ permeability of AMPARs depends on the expression level of GluR2 subunit
relative to the levels of other GluR subunits (Pellegrini-Giampietro et al., 1992;Sanchez et
al., 2001;Kumar et al., 2002), we next analyzed the ratios of nonGluR2/GluR2 subunit
expression across development. Figure 2 shows the ratios of nonGluR2/GluR2 subunits for
each individual case as a function of age, with superimposed regression lines. All
nonGluR2/GluR2 ratios demonstrated significant developmental changes (p=0.038 for
GluR1/GluR2 ratio; p=0.046 for GluR3/GluR2 ratio; p=0.01 for GluR4/GluR2 ratio), being
much higher than adult (defined for comparison as 1:1) at younger ages and then decreasing
progressively with maturation. Using predicted values from the regression analysis, the
GluR1/GluR2 ratio (Figure 2A) decreased from 6.1:1 at midgestation (20 PCW), to 4.7:1
during preterm period (30 PCW), to 3.3:1 at term (40 PCW) and 2.6:1 during neonatal
period (45 PCW). GluR3/GluR2 and GluR4/GluR2 ratios showed a slightly different
pattern, with GluR3/GluR2 ratio (Figure 2B) underwent a transient increase from 19.8:1 at
20 PCW to 31.7:1 at 30 PCW, before decreasing again to 17.9:1 at 40 PCW and only 1.3:1
at 45 PCW. GluR4/GluR2 ratio (Figure 2C) similarly increased from 13.3:1 at 20 PCW, to
23.3:1 at 30 PCW, and decreased later to 14.1:1 at 40 PCW and to 2.2:1 at 45 PCW.

Differential cellular distribution of AMPAR subunits in human parietal white matter
White matter western blots indicated that AMPARs are maximally expressed during
midgestation and the preterm periods with a relative lack in GluR2 subunit expression
(higher nonGluR2/GluR2 ratios), suggesting that these receptors are likely to be Ca2+

permeable. To further characterize the cellular specificity of GluR2-lacking AMPAR
expression, immunocytochemical double labeling with GluR1-4 subunit antibodies and the
glial markers vimentin, GFAP, O4, O1, GalC and MBP, was performed during the same
interval analyzed by western blot.

Cellular changes in the developing white matter were first analyzed by differential staining
patterns of stage-specific glial cell markers (Kinney and Back, 1998;Ulfig et al., 1998;Back
et al., 2001;deAzevedo et al., 2003). At 20-24 PCW, radial glia represented the predominant
cell type of the astrocytic lineage and was robustly labeled with vimentin and GFAP. Radial
glial cell bodies were present within the periventricular zone and extended long parallel
processes through the white matter up to the pial surface (Figure 3, A1-C1). Between 25-37
PCW, radial glial fibers gradually disappeared, coincident with a progressive increase in the
number of mature vimentin-/GFAP+ astrocytes (Figure 3, D1-F1). During later
development, astrocytes continued to increase in number and size, peaking at 38-42 PCW
before decreasing again with maturation (data not shown). Between 20-37 PCW,
premyelinating OLs (preOLs), including both O4+/GalC- OL precursors (Figure 3, A2-C2)
and O4+/GalC+ immature OLs (Figure 3, D2-F2), represented the predominant OL
population in the white matter. MBP immunoreactivity was first observed at 30-32 PCW
(data not shown), as described in previous reports (Kinney and Back, 1998;Back et al.,
2001) and increased progressively with subsequent development.

Consistent with the western blot data, the most pronounced changes in AMPAR subunit
expression in white matter were observed during midgestation and the preterm period.
Developing astroglia expressed AMPARs as early as midgestation. At 20-24 PCW GluR4
subunit was highly expressed on radial glia fibers (Figure 4, A1-C1). Between 25-37 PCW,
as radial glia matured, GluR4 immunoreactivity continued to increase in astrocytes (Figure
4, A2-C2) where it peaked around 38-42 PCW (Figure 4, A3-C3). GluR3 expression
paralleled that of GluR4 in both radial glia and astrocytes (data not shown). GluR2
immunoreactivity was relatively lacking in radial glia between 20-24 PCW (Figure 4, D1-
F1), but was visible on astrocytes between 25-37 PCW (Figure 4, D2-F2) and increased
significantly at 38-42 PCW, in parallel with their morphological maturation (Figure 4, D3-
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F3). Relative to neuronal cell types, there was low or no GluR1 expression on astroglial cells
at all ages studied (data not shown).

AMPAR expression on preOLs was minimal at 20-24 PCW (Figure 5, A1-C1). In contrast,
GluR4-containing AMPARs were highly expressed on preOLs between 25-37 PCW (Figure
5, A2-C2), consistent with earlier work from our laboratory (Follett et al., 2004). GluR4
expression subsequently declined in human white matter OLs at 38-42 PCW (Figure 5, A3-
C3). Interestingly, there was a relative lack of GluR3 immunoreactivity in developing OLs
at all ages analyzed (data not shown). GluR2 subunit was minimally expressed on preOLs
and did not change with age (Figure 5, D1-F1, D2-F2, and D3-F3). GluR1 immunoreactivity
was not detected on preOLs at any time (data not shown).

These data indicate that in developing human white matter GluR2-lacking (Ca2+permeable)
AMPARs are expressed at midgestation selectively on radial glia, while during the preterm
period these receptors are transiently expressed on preOLs, but not on differentiated white
matter astrocytes.

Developmental regulation of AMPAR subunit expression in human parietal cortical grey
matter

Similar to the white matter, we first analyzed the age-dependent variation of relative
GluR1-4 protein levels. Figure 6 shows the individual normalized GluR1-4 values (% of
adult) in the developing cortex, as a function of postconceptional age, with regression lines
superimposed. In the cortex, between 18-54 PCW, all four AMPAR subunits demonstrated
significant developmental changes (p=0.047 for GluR1, p=0.018 for GluR2, p=0.02 for
GluR3 and p=0.001 for GluR4). GluR1 expression (Figure 6A) was higher than adult levels
at all times, peaking around term birth. Predicted GluR1 values rose from 152% of adult at
midgestation (20 PCW), to 310% of adult during the preterm period (30 PCW), reached
maximal values of 376% at term (40 PCW) and decreased to 352% during infancy (50
PCW). In contrast to GluR1 expression, which largely superceded adult levels, expression of
GluR2, GluR3 and GluR4 remained below or around adult levels at all time points analyzed.
Estimated GluR2 expression (Figure 6B) represented only 67% of adult at 20 PCW, 43% at
30 PCW, 44% at 40 PCW, and reached 72% of adult levels at 50 PCW. Relative to adult,
estimated GluR3 (Figure 6C) and GluR4 (Figure 6D) expression was 88% and 92% at 20
PCW, 40% and 42% at 30 PCW, 37% and 26% at 40 PCW, 81% and 44% of adult at 50
PCW. Similar to the white matter, there was no effect of PMI or gender upon the level of
expression of any AMPAR subunits (data not shown).

Next, we analyzed the nonGluR2/GluR2 ratios in the cortex during the same developmental
window (18-54 PCW). Individual nonGluR2/GluR2 ratios are represented in Figure 7 as a
function of age with superimposed regression lines. Only GluR1/GluR2 ratio (Figure 7A)
demonstrated significant developmental changes, being higher than the adult (defined for
comparison as 1:1) during the entire time frame analyzed (p=0.007). In contrast, GluR3/
GluR2 (Figure 7B) and GluR4/GluR2 (Figure 7C) ratios were low at all times and showed
no significant variations with advancing postconceptional age (p>0.05). Predicted GluR1/
GluR2 ratio rose from 2.8:1 at midgestation (20 PCW) to 7.8:1 during the preterm period
(30PCW), peaking with a value of 8.8:1 at term (40 PCW) before decreasing to 5.9:1 during
early infancy (50 PCW).

Differential cellular distribution of AMPAR subunits in human parietal grey matter
In contrast to white matter western blots that indicated maximal AMPAR expression in
midgestational and premature infant brain, immunoblotting of human cortical tissue
demonstrated highest AMPAR levels during the preterm, term and post-term neonatal
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period. As in the white matter, there was a simultaneous relative lack of GluR2 expression,
suggesting the presence of Ca2+ permeable AMPARs on developing neurons. To identify
differential cellular distribution of GluR2-lacking AMPARs in the human neocortex,
immunocytochemical double labeling for GluR1-4, in combination with neuronal markers
NeuN and NSE was performed during the same developmental window as that analyzed by
western blot.

We first used cell-specific labeling to characterize the developmental changes in neuronal
subpopulations in our tissue samples (Honig et al., 1996). Between 20-24 PCW, both NeuN
and NSE staining revealed the presence of a wide subplate, located below the cortical plate
and populated by dispersed and predominantly horizontally oriented neurons (data not
shown). The subplate persisted between 25-37 PCW as a broad band of neurons underneath
the developing cortex (Figure 8, B1), decreasing progressively from 38-46 PCW through
infancy, as previously described (Kostovic and Rakic, 1990). At 92-210 PCW (1.0-3.3 years
of age), the subplate virtually disappeared leaving only scattered interstitial white matter
neurons (Figure 8, B2). In contrast to the subplate neurons, neurons of the cortical plate
stained with NeuN or NSE, were densely packed at 20-24 PCW, exhibiting rounder cell
bodies and fewer vertically oriented processes (data not shown). Between 25-37 PCW, large
pyramidal neurons with long apical dendrites were aligned within the cortical plate (Figure
8, A1), and by 38-46 PCW all six cortical layers were distinguishable (data not shown).
Between 92-210 PCW the thickness of all cortical layers increased substantially and both
pyramidal and non-pyramidal neurons displayed long, elaborated processes (Figure 8, A2).

AMPAR expression on the subplate and cortical plate neurons underwent dramatic
developmental changes during the preterm, term and post-term neonatal periods. Subplate
neurons expressed AMPARs earlier than immature cortical neurons. However, during fetal
and early postnatal development, GluR1 was the predominant subunit on both subplate and
cortical neurons. GluR1 was expressed on subplate neurons as early as 20 PCW (data not
shown), and continued to increase with age. Between 25-37 PCW the majority of subplate
neurons were intensely GluR1 immunopositive (Figure 9, A1-C1). GluR1 began to decrease
at 38-46 PCW (Figure 9, A2-C2) and between 92-210 PCW only a few of the remaining
subplate neurons stained with GluR1 (Figure 9, A3-C3). In contrast, GluR2 expression was
undetectable or minimal on subplate neurons at midgestation (20-24 PCW) and during the
preterm period (25-37 PCW) (Figure 9, D1-F1). GluR2 expression became visible around
term (38-46 PCW) (Figure 9, D2-F2) and increasing further on remaining subplate neurons
through the first 3 years of life (92-210 PCW) (Figure 9, D3-F3). Similar to the pattern of
expression of GluR2, GluR3 was low during gestation and early infancy on subplate
neurons, but the staining became robust during early childhood (data not shown). Compared
to developing glial cells, subplate neurons demonstrated low GluR4 expression at all ages
(data not shown).

In the cortical plate, GluR1 immunoreactivity was observed only as diffuse neuropil staining
between 20-24 PCW (data not shown). A significant increase in GluR1 immunoreactivity
was observed between 25-37 PCW, predominantly on neurons located in the deeper portion
of the cortical plate (Figure 10, A1-C1). Between 38-46 PCW, the majority of pyramidal and
non-pyramidal neurons in all cortical layers showed intense GluR1 immunoreactivity
(Figure 10, A2-C2). Between 92-210 PCW, a marked decrease in GluR1 labeling was
observed on pyramidal neurons (Figure 10, A3-C3), while most non-pyramidal neurons
remained strongly labeled (data not shown). In contrast, GluR2 expression was not visible
on cortical neurons between 20-37 PCW (Figure 10, D1-F1) and was present only at low
levels at 38-46 PCW (Figure 10, D2-F2). During early childhood (92-210 PCW) GluR2
became highly expressed on layer III and V cortical pyramidal neurons (Figure 10, D3-F3),
but remained low in the non-pyramidal neurons (data not shown). The GluR3 subunit
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paralleled the expression pattern of GluR2, increasing progressively with age, mostly during
postnatal development, and predominantly on pyramidal neurons. GluR4 expression
remained constantly low on cortical neurons at all ages, except for scattered large non-
pyramidal neurons, which became robustly labeled between 92-210 PCW (data not shown).

Taken together, these data suggest that high levels of GluR2-lacking AMPARs are
expressed on subplate neurons transiently during the preterm period and on cortical
pyramidal and non-pyramidal neurons during term and the post-term neonatal period. In
contrast to pyramidal neurons, which gradually acquire GluR2 subunits during early
postnatal development, there is a relative GluR2 deficiency on non-pyramidal throughout
early childhood.

DISCUSSION
The rationale for mapping AMPARs in both developing rat and human brain in this study
was twofold: 1) to test the hypothesis that GluR2-lacking (Ca2+ permeable) AMPARs play
an age-specific role in selective perinatal H/I vulnerability in the human and 2) to validate
specific rodent stages as appropriate models to investigate the pathophysiology of H/I injury
in the developing brain. The present study demonstrates that AMPAR subunits are
developmentally regulated in glial and neuronal cell types in developing human white and
grey matter. During the preterm period, a window of increased vulnerability for PVL,
GluR2-lacking AMPARs are predominantly expressed on white matter radial glia, preOLs,
and on closely apposed subplate neurons. Subsequently during later development at term,
when infants are at risk for H/I induced encephalopathy and seizures, GluR2-lacking
AMPARs are highly expressed on cortical neurons, coincident with decreased expression on
white matter cells. Strikingly, the developmental regulation of the GluR2-lacking receptors
on specific cell types follows similar temporal and regional order to that reported for the rat
in Part I of this study. These findings are summarized in Figure 11, which specifically
graphs the chronology of GluR2-lacking AMPARs, as opposed to total AMPARs. These
parallel developmental patterns allow identification of analogous maturational stages
between rat and human that is essential for the design and interpretation of
pathophysiological rodent models of human perinatal H/I cerebral injury.

Differential regional and cell-type specific expression of GluR2-deficient AMPARs in the
developing human brain

To date, there has been no comprehensive study of the regulation of AMPAR subunit
protein in human cortex and white matter across fetal, neonatal and early childhood
development. Previous studies in human brain tissue have characterized the developmental
regulation of AMPARs during earlier (8-20 PCW) or later (0-6 years) developmental
windows (Ritter et al., 2001;Murphy et al., 2005) or have focused on areas other than white
matter and neocortex , such as the basal ganglia and the brainstem (Meng et al.,
1997;Panigrahy et al., 2000). AMPARs have been previously identified by in situ
hybridization and autoradiography in all cortical structures, including the cortical plate,
marginal, intermediate and subventricular zones during the first half of gestation (8-20
PCW) (Ritter et al., 2001). Interestingly, during these early stages of fetal development,
there was a relative lack in GluR2 transcripts compared to other subunits. Our present results
are the first to evaluate AMPAR subunit protein expression during clinically relevant
intervals with respect to differential susceptibility to H/I injury. Here we show that GluR2-
lacking AMPARs are transiently expressed in the perinatal human brain, peaking in the
white matter during early fetal development through the preterm period, and in the cortex
during the term/neonatal period through infancy. We also found marked maturational
differences in the cellular distribution of GluR2-lacking AMPARs. These receptors appear
to be highly expressed specifically on radial glia at 20-24 PCW and are transiently
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upregulated on premyelinating OLs and subplate neurons from 25-37 PCW. GluR2-lacking
AMPARs appear to be abundant in the neocortical pyramidal and non-pyramidal neurons at
38-46 PCW and also remain highly expressed on non-pyramidal neurons at 92-210 PCW
(Figure 11). Furthermore, the developmental pattern appears to proceed in an “inside-out”
manner, with the innermost cells, such as radial glia and preOLs, maturing and acquiring
AMPARs prior to the more peripheral subcortical and cortical neurons.

Potential role for GluR2-lacking AMPARs in age-specific H/I injury in the human neonate
Perinatal H/I represents a major cause of brain injury in both preterm and term infants
(Volpe, 2001). Improved neonatal intensive care has lead to survival of 85-90% of the more
than 55,000 very low birth weight (1500 gm) premature infants born annually in the US
(Volpe, 2001). The incidence of H/I brain injury in these survivors is relatively high, with
10% developing major spastic motor deficits and an additional 25-50% exhibiting cognitive
and behavioral deficits (Hack et al., 2002) . PVL represents the prevalent form of H/I brain
injury in fetuses and preterm infants (Banker and Larroche, 1962;Dambska et al.,
1989;Rorke, 1998;Volpe, 2001;Kinney and Armstrong, 2002;Kinney et al., 2004), involving
death of precursor cells such as OL precursors and immature OLs. While at this
developmental period the cortex is relatively spared with respect to acute injury (Marin-
Padilla, 1997;Haynes et al., 2003), clinical and neuroimaging follow-up studies of premature
infants show cognitive and sensory deficits (Cioni et al., 1997;Piecuch et al., 1997;Hack et
al., 2002) and a reduction of cerebral cortical grey matter volume (Inder et al., 1999;Inder et
al., 2003), especially in association with white matter injury.

In term infants, H/I causes cortical neuronal necrosis with neonatal seizures and subsequent
neurodevelopmental disabilities in 1-2 per 1000 live term births (Hauser et al., 1993;Estan
and Hope, 1997;Saliba et al., 1999;Volpe, 2001;Kinney and Armstrong, 2002). Neonatal
seizures can be extremely refractory to therapy, and conventional antiepileptic drugs used in
older children and adults are often ineffective at suppressing neonatal seizure activity
(Painter et al., 1999;Volpe, 2001), suggesting that the pathogenesis of these seizures may be
age-specific.

The present study demonstrates that the differential regional and cellular distribution of
GluR2-lacking, and likely Ca2+ permeable, AMPARs in perinatal human brain correlates
with the age-specific vulnerability to H/I injury. In the earliest developmental interval
studied (20-24 PCW), we show that radial glia transiently express GluR2-lacking AMPARs,
suggesting a possible basis for vulnerability of these cells to fetal H/I injury and
excitotoxicity. The radial glial cells are transiently present in the developing fetal brain
where they guide neuronal migration but can also proliferate to give rise to both glia and
neurons (Rakic, 1972;Rakic, 1974;Noctor et al., 2001). After the neuronal migration is
complete, radial glia gradually transform into astrocytes and start migrating into the cortex
between 18-35 PCW (Rakic, 2003;deAzevedo et al., 2003). Hence selective excitotoxic
injury of radial glia mediated by Ca2+ permeable AMPARs could impair normal cortical
development by disrupting the late phases of neuronal migration and by reducing the
astrocytic precursor pool destined for the upper cortex (Gressens et al., 1992). By contrast,
astrocytes have receptors with low Ca2+ permeability and are more resistant to H/I injury
(Yamaya et al., 2002).

Our data demonstrate that in premature infants (25-37 PCW), an age characterized by
enhanced susceptibility to PVL, white matter OLs express high levels of AMPARs with
increased Ca2+ permeability. In contrast, by term (38-42 PCW) there is little to no AMPAR
expression on white matter OLs. As demonstrated in the rat (Follett et al., 2000;Follett et al.,
2004), Ca2+ influx through GluR2-lacking AMPARs may represent a prominent mechanism
of H/I injury to developing OLs in human.
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We show that during the preterm period subplate neurons possess AMPAR subunit
configurations consistent with Ca2+ permeability, supporting a possible mechanism for their
selective vulnerability in the human. Subplate neurons are only transiently present in the
developing human, where the subplate zone peaks at 22-35 PCW and diminishes during
early infancy and childhood (Kostovic and Rakic, 1990;Samuelsen et al., 2003). Subplate
neurons play an essential role in the development of connections between thalamus and
visual cortex and of connections within the cortex (Ghosh and Shatz, 1993;Allendoerfer and
Shatz, 1994;Kanold et al., 2003). Subplate neurons have been shown to be selectively
vulnerable to H/I in the developing rat brain (McQuillen et al., 2003). AMPAR-mediated
injury to subplate neurons in humans may thus contribute to the high incidence of cortical
visual impairments (Cioni et al., 1997) and the widespread abnormalities of cerebral
development (Piecuch et al., 1997;Inder et al., 1999;Miller et al., 2002;Inder et al., 2003)
that are observed in preterm infants suffering from H/I encephalopathy.

Unlike subplate neurons, cortical neurons demonstrate abundant expression of Ca2+

permeable AMPARs during the term (38-42 PCW) and post-term neonatal period (43-46
PCW), correlating with the predominant grey matter pathology known to occur at this age.
Experimental data suggest that AMPARs may play a critical role in H/I induced neuronal
injury, synaptic plasticity and epileptogenesis in perinatal human brain. In the developing
rat, both hypoxia-induced seizures and neuronal cortical injury are highly dependent of
AMPAR activation (Hagberg et al., 1994;Jensen et al., 1995;Koh and Jensen, 2001).
Moreover, activation of Ca2+permeable AMPARs on pyramidal neurons by hypoxia induces
further increases in neuronal excitability, synaptic plasticity and later seizure-induced
neuronal injury (Sanchez et al., 2001;Koh et al., 2004;Sanchez et al., 2005).

Taken together, these findings support the hypothesis that GluR2-lacking AMPARs are
present in vulnerable cell populations during discrete developmental windows. Importantly,
these receptors may provide a therapeutic target for treatment of H/I injury in human infants,
as has been suggested in rodent models of PVL and term H/I encephalopathy.

While these studies were performed to help elucidate factors important for age- and region-
specific susceptibility to H/I and excitotoxicity, our findings also provide important
normative data for human brain development. AMPARs on specific radial glia, such as the
Bergmann glia, have been postulated to be important for cell-cell signaling and trophism
during neuronal migration (Ishiuchi et al., 2001). However, mature astrocytes actually
possess AMPARs with low Ca2+ permeability, and intracellular Ca2+ homeostasis and
signaling depends mostly on release from intracellular stores (Yoshida et al., 2003;Zur and
Deitmer, 2005). Ca2+permeable AMPARs regulate OL proliferation and differentiation in
vitro (Gallo et al., 1996;Yuan et al., 1998), while in neurons, these receptors have been
postulated to provide signaling that is essential to the development of normal cortical
networks (Gu et al., 1996;Debray et al., 1997;Sanchez et al., 2001;Kumar et al.,
2002;Sanchez et al., 2005). A role for Ca2+ permeable AMPARs on subplate neurons has
not yet been studied, although it is established that excitatory neurotransmission mediated by
these cells modulates the development of cortical networks (Ghosh and Shatz, 1993;Kanold
et al., 2003). Thus, our findings have relevance beyond the pathologic implications in the
setting of H/I.

Developmental profile of AMPARs in human versus experimental rodent models
The present study describes striking similarities in the regional progression of AMPAR
subunit development between rodent and human cerebral white and grey matter. In addition,
the regional expression of AMPARs in both species correlates with age-specific regional
vulnerability to H/I injury. Our data (see Part I) show that in the rat GluR2-lacking
AMPARs are present on radial glia, white matter OLs and subplate neurons during the first
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postnatal week, which is a window of development characterized by enhanced susceptibility
to selective H/I white matter injury (Follett et al., 2000;Back et al., 2002;Liu et al.,
2002;McQuillen et al., 2003). Likewise, we show that GluR2-lacking AMPARs are present
in the cortical neurons during the second week of life in rat , when H/I causes neuronal
necrosis and seizures (Jensen et al., 1991;Owens et al., 1997;Towfighi et al., 1997;Jensen et
al., 1998;Chen et al., 1998).

The age-specificity of regional susceptibility has been confirmed in other non-rodent
species. Prenatal H/I in preterm fetal sheep results in subcortical white matter injury, while
the incidence of grey matter pathology, including cortical infarction and seizures, increases
near term (Williams et al., 1990;Mallard et al., 1994;Reddy et al., 1998). Consistently,
AMPARs are expressed at high levels in the white matter OLs and subplate neurons during
the second half of gestation, while they reach their maximal expression levels on cortical
neurons just before birth (Furuta and Martin, 1999).

This parallel and comparative study of human white matter and cortex (Part II) reveals
similar patterns in the temporal sequence of expression of GluR subunits on specific cell
populations to those of the rodent, although the time course is proportionally prolonged in
the human relative to the rat (Figure 11). In both rat and human, the time period which
corresponds to increased vulnerability of white matter to H/I injury is characterized by high
levels of GluR2-lacking AMPARs on OL precursors compared to other ages. In both rat and
human, H/I elicit cortical injury and seizures at a time that corresponds to prominent GluR2-
deficiency in cortical neurons. While these OL and cortical neuronal relationships are
consistent with well-studied clinical entities, the potential roles in disease for GluR2-lacking
AMPARs on radial glia and subplate neurons are yet to be elucidated. H/I injury mediated
by GluR2-lacking AMPARs on radial glia in midgestation could result in disorders of
terminal neuronal migration and cortical development. Similarly, these receptors could
contribute to selective subplate neuron injury in the preterm period, resulting in neuronal
network excitability and cognitive disorders. Such hypotheses based on observations from
human data, together with the knowledge of the appropriate rodent stages for AMPAR
development, will allow further modeling to examine mechanisms and potential therapies
for these age-specific forms of perinatal brain injury.
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Figure 1.
AMPAR subunit expression in the developing white matter from midgestation (18 PCW)
through early childhood (210 PCW), as compared to adult standard (100%), indicated as
horizontal dotted line in all graphs. Relative protein levels for GluR1-4 demonstrate no
change in GluR1 expression with maturation (A), but show a significant downregulation of
GluR2 subunit (B), accompanied by an upregulation of GluR3 (C) and GluR4 (D) during the
early fetal and preterm period. Linear or quadratic regression lines were fitted to the
individual data points if significant; otherwise, a line was drawn through the mean. Insets
are representative western blots for individual subunits.
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Figure 2.
NonGluR2/GluR2 ratios in the developing human white matter expressed as a function of
postconceptional age. GluR1/GluR2 (A), GluR3/GluR2 (B) and GluR4/GluR2 (C) ratios
demonstrate maximal values between 25-35 PCW, the window of vulnerability to PVL.
Linear or quadratic regression lines were fitted to the individual data points, if significant.
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Figure 3.
Human white matter cellular development demonstrated by differential expression of stage-
specific glial markers. At midgestation (A1-C1), radial glia fibers are abundant in the white
matter and display both vimentin and GFAP immunoreactivity, while shortly before term
birth (D1-F1), mature astrocytes (vimentin-/GFAP+) predominate. Between 20-24 PCW
(A2-C2), developing OLs are represented mostly by O4+/GalC-precursors, and at 25-37
PCW (D2-F2) there is a substantial increase in O4+/GalC- immature OLs. Scale bars 10μm.
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Figure 4.
Cell specific AMPAR subunit expression in the developing white matter astroglia during
prenatal life. At 20 PCW (A1-F1), vimentin + radial glial fibers express high levels of
GluR4 (A1-C1), which is associated with a relative lack in GluR2 (D1-F1) staining. At 32
PCW (A2-F2), mature GFAP+ astrocytes express GluR4 (A2-C2), but in contrast to
immature radial glia, astrocytes co-express GluR2 (D2-F2). At 39 PCW (A3-F3), the
majority of GFAP expressing astrocytes are intensely immunolabeled with both GluR4 (A3-
C3) and GluR2 (D3-F3). Scale bars 10μm.
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Figure 5.
Cell specific AMPAR subunit expression in O4+ OLs in white matter during the second half
of gestation (20-42 PCW). At 20 PCW (A1-F1), immunohistochemical analysis of the
human fetal white matter demonstrates little GluR4 (A1-C1) and GluR2 (D1-F1) expression
in the O4+ OLs. At 32 PCW (A2-F2), intense GluR4 immunoreactivity co-localize with OL
marker O4 (A2-C2), in contrast to GluR2, which remains downregulated in the O4+ OLs
(D2-F2). At 39 PCW (A3-F3), O4+ preOLs in human fetal white matter show weak GluR4
(A3-C3) and GluR2 (D3- F3) immunoreactivity. Scale bars 10μm.
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Figure 6.
AMPAR subunit expression in the developing cortex from midgestation (18 PCW) through
early infancy (210 PCW) as compared to adult standard (100%), indicated as horizontal
dotted line. Relative protein levels for GluR1-4 demonstrate a significant upregulation of
GluR1 subunit (A) and a downregulation of GluR2 (B), GluR3 (C) and GluR4 (D) subunits
during the term/neonatal period. Insets are representative western blots for individual
subunits. Regression lines were fitted to the individual data points, if significant.
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Figure 7.
NonGluR2/GluR2 ratios in the developing human cortex, expressed as a function of
postconceptional age. Relative to adult, GluR1/GluR2 ratios (A) are significantly elevated
between 35-45 PCW, the window of increased susceptibility to cortical infarctions and
seizures. By contrast, GluR3/GluR2 (B) and GluR4/GluR2 (C) demonstrate no significant
variations with age. Regression lines were fitted to the individual data points, if significant;
otherwise, a line was drawn through the mean.
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Figure 8.
Cortical and subcortical maturational changes, visualized by neuronal markers NeuN and
NSE. At 31 PCW (A1-B1), NeuN staining demonstrates the presence of a broad subplate
zone (B1) underneath the developing cortical plate (A1). By contrast, at 210 PCW /3.3 years
(A2-B2), NSE staining reveals that only few interstitial neurons are still present in the
subcortical white matter (B2), while there is an expansion of all six cortical layers (A2).
Scale bar 20μm.
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Figure 9.
Differential expression of AMPARs in the subplate neurons during perinatal and early
postnatal development. During preterm period (31 PCW) subcortical neurons, stained with
NeuN (A1-F1), demonstrate intense GluR1 expression on cell bodies and processes (A1-
C1), in contrast to GluR2, which is relatively lacking (D1-F1). During post-term neonatal
period (45 PCW), the majority of the NeuN+ subplate neurons (A2-F2) show high GluR1
expression (A2-C2), coincident with the appearance of GluR2 immunoreactivity (D2-F2). In
early childhood (168 PCW) only few NeuN-labeled subplate neurons (A3-F3) are still
GluR1 positive (A3-C3), in contrast to intense GluR2 staining in most subcortical neurons
(D3-F3). Scale bars 10μm.
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Figure 10.
Cell-specific AMPAR subunits in cortical neurons of human parietal neocortex from
prenatal period through early infancy. At 31 PCW (A1-F1), distinct cortical neurons
strongly label with GluR1 (A1-C1), while GluR2 remains downregulated (D1-F1). At 45
PCW (A2-F2), the majority of neurons show robust GluR1 immunoreactivity (A2-C2),
while only scattered neurons are GluR2 positive (D2-F2). At 168 PCW (A3-F3), pyramidal
neurons demonstrate a marked decrease in GluR1 immunoreactivity (A3-C3), and a
substantial increase in GluR2 expression (D3-F3). Scale bars 10μm.
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Figure 11.
Comparative analysis of human and rat developmental regulation of GluR2-lacking
AMPARs, relative to the windows of increased susceptibility to H/I. In human, prematurity
represents a developmental window of selective vulnerability for white matter injury, such
as periventricular leukomalacia (PVL), while term and neonatal periods are characterized by
increased susceptibility to cortical injury and seizures. In midgestational cases (20-24 PCW),
radial glia expresses high levels of GluR2-lacking AMPARs, while in premature infants
(25-37 PCW), these receptors are transiently expressed on premyelinating oligodendrocytes
and subplate neurons. During term (38-42 PCW) and post-term neonatal (43-46 PCW)
periods, GluR2-lacking AMPARs are specifically expressed on cortical pyramidal and non-
pyramidal neurons, while during infancy and early childhood (92-210 PCW), these receptors
can only be found in non-pyramidal neurons. Furthermore, there are striking similarities
between rat and human regarding regional and temporal developmental regulation of glial
and neuronal expression of GluR2-lacking AMPARs. In both Long Evans and Sprague
Dawley rats, the periods of increased susceptibility to H/I correlates with a regional and cell-
specific relative GluR2-deficiency. However, despite similar temporal and regional
progression, developmental changes in GluR expression occurs 2-3 days earlier in Sprague
Dawley rats, compared to Long Evans.
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