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Abstract

Objective: Hypoxia–ischemia (HI) in preterm infants primarily leads to inju-

ries in the cerebral white matter. However, there is growing evidence that peri-

natal injury in preterms can also involve other zones including the cortical gray

matter. In a neonatal rat model of HI, selective vulnerability of subplate has

been suggested using BrdU birth-dating methods. In this study, we aimed to

investigate the neuropathological changes of the subplate and deep layers of the

cortex following cerebral HI in neonatal rats with specific cell markers. Meth-

ods: P2 rats underwent permanent occlusion of the right common carotid

artery followed by a period of hypoxia. P8 rats were analyzed using immuno-

histochemistry; subplate and deep layers cells were quantified and compared

with sham-operated case. Results: A large variability in the extent of the cere-

bral injury was apparent. For the three analyzed subplate populations (Nurr1+,
Cplx3+, and Ctgf+ cells), no significant cell reduction was observed in mild and

moderate cases. Only in severe cases, subplate cells were strongly affected, but

these injuries were always accompanied by the cell reductions in layers VI and

V. Interpretation: We could therefore not confirm a specific vulnerability of

subplate cells compared to other deep layers or the white matter in our model.

Introduction

Hypoxia–ischemia (HI) is the most common cause for

perinatal brain injury both in term and preterm infants.1,2

In preterm infants, perinatal brain injury is mainly local-

ized in the white matter; however, there is increasing evi-

dence that cortical and subcortical gray matter are also

involved. Injury to subplate neurons, a population of

early-born cells at the border between white matter and

cortical layer VI, could importantly contribute to the cog-

nitive, sensory, and behavioral deficits resulting from pre-

term injury due to the important role of these cells in

normal cortical development. Subplate abnormalities have

been described in several neuropathological disorders

including schizophrenia, autism, and periventricular leu-

komalacia.3,4 The human subplate layer reaches a devel-

opmental peak at the same time as the premature brain is

at the highest risk for hypoxic injury, that is, around 27–
30 gestational weeks.5,6 Subplate neurons are particularly

critical for the development of visual thalamocortical con-

nections and the establishment of ocular dominance col-

umns.7,8 Subplate damage has therefore been proposed to

underlie visual impairments which are common in infants

with preterm perinatal damage.9,10

There is some evidence that subplate neurons could be

specifically vulnerable to insults at the preterm stage.

Purified subplate cells in culture are more vulnerable to

oxygen–glucose deprivation than cells derived from the

cortical plate.11 Similarly, in a P1/P2 rat model of HI, cell

loss was observed in the ventricular zones, the white
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matter and the subplate, while other cortical layers

appeared intact except in the most severe cases.12 In subse-

quent studies on the model, an impairment of the ocular

dominance plasticity in the visual cortex was reported.13

We have recently identified and confirmed a range of

specific markers for rodent subplate using a microarray-

based approach and found that different subplate subpop-

ulations are characterized by distinct expression patterns

of these genes.14–16 In this study, we use a combination of

specific markers to analyze cell numbers in different corti-

cal cell populations including subplate following HI in a

preterm rat model.

Methods

HI model

All experiments were performed according to the guide-

lines of the Swiss Veterinary Office. Two-day-old male

Sprague-Dawley rats were anesthetized with 3% isoflurane

and their right common carotid artery (CCA) was double

ligated and cut. Sham-operated animals underwent the

same surgical procedure except that the carotid was not

sectioned. After a recovery period of at least 2 h with the

dam, all pups except for the sham animals were placed in

6% O2 at 35.5°C in an incubator for 1.5–2 h. Body tem-

perature was monitored after the surgery and again after

the hypoxic period and was kept stable at 35–36°C. The
pups were then returned to the dam until P8 when they

were killed for analysis. A total of 65 animals were used

in six experimental series. The mortality rate was 24%

during the hypoxic period. Of the remainder, we used

seven sham and 35 HI brains for this study.

Tissue preparation, staining, and
immunohistochemistry

Animals were deeply anesthetized with pentobarbitone

and transcardially perfused with 4% Paraformaldehyde

(PFA). Brains were removed and postfixed overnight in

the same fixative. They were then sectioned into 50-lm-

thick coronal sections on a vibrating microtome (Leica

Microsystems (UK) Ltd, Milton Keynes, UK).

For cresyl violet staining, mounted and air-dried sec-

tions were rehydrated in serial alcohol dilutions with

descending concentration and stained with 0.1% cresyl

violet (Sigma, Swindon, UK) in H2O for 10 min. Sections

were rinsed in H2O and dehydrated through serial alcohol

dilutions with ascending concentration and cleared with

xylene and histoclear (Sigma).

For immunohistochemistry, sections were blocked for

2 h at RT with 5% donkey serum (Sigma) in Phorphate

Buffered Saline (PBS) with 0.2% Triton-X100 British Drug

Houses (BDH). For permanent immunohistochemistry,

sections had been quenched in 1.5% hydrogen peroxide

before blocking. Sections were then incubated with primary

antibody in 1% donkey serum and 0.2% Triton overnight

at 4°C. The following primary antibodies were used:

antinuclear receptor-related 1 (Nurr1) 1:200 (AF2165;

R&D Systems, Abingdon, UK) anticomplexin 3 (Cplx3)

1:3000 (gift K. Reim), anticonnective tissue growth factor

(Ctgf) 1:500 (sc-14939; Santa Cruz Biotechnologies, Dallas,

Texas, USA) anti-fork head boxP2 (FoxP2) 1:4000

(ab16046; Abcam, Cambridge, UK) anti-ETS transcription

factor (Er81) 1:32,000 (gift T. Jessel) and antimyelin basic

protein (MBP) 1:200 (sc-13914; Santa Cruz Biotechnolo-

gies), anti-ionized calcium-binding adapter molecule 1

(Iba1) 1:500 (ab5076; Abcam), anticleaved caspase 3 1:500

(9661; Cell Signaling/New England Biolabs, Hitchin, UK)

antiglial fibrillary acidic protein (GFAP) 1:100 (Z0334;

DAKO, Ely, UK) anti-Nestin 1:100 (MAB353; Chemicon,

Watford, UK). For permanent labeling, biotinylated don-

key anti-rabbit antibody 1:200, donkey anti-mouse anti-

body 1:200, or donkey anti-goat antibody 1:200 (Abcam)

in 1% donkey serum were applied for 2 h at RT and

reacted with avidin–biotinylated enzyme complex (ABC)

using the Vectastain Elite kit (Vector Labs, Peterborough,

UK) and 3,30-diaminobenzidene (DAB Peroxidase sub-

strate kit; Vector) according to the manufactuer’s instruc-

tions. For fluorescent labeling, sections were incubated

with secondary antibody AlexaFluor568 conjugated donkey

anti-rabbit (Life Technologies, A10042; 1:500) or donkey

anti-mouse (Life Technologies, A10037; 1:500) or donkey

anti-goat (Life Technologies, A11057; 1:500), Paisely, UK

or Fluorescein Griffonia (Bandeiraea) Simolicifolla Lectin

Isolectin B4 (FL-1201, Vector Laboratories, 1:200) in 1%

donkey serum PBS for each of the primary antibody.

For colocalization between MBP and isolectin B4 sec-

tions were blocked in 5% donkey serum in TBS: Tris

buffered saline with 0.1% Triton-X100 for 2 h at RT and

incubated with anti-MBP antibody at 4°C overnight.

Anti-goat AlexaFluor 488 1:500 (Life technologies) was

added together with Griffonia Simplicifolia isolectin

B4-Texas Red 1: 200 (Vector Laboratories) in 1% donkey

serum in TBS+ Triton for 2 h at RT before counterstain-

ing with DAPI: 40,6-diamidino-2-phenylindole.

Quantification of cell numbers and layer
thickness

Cortical thickness was measured at three positions

(dorso-medial, middle, and lateral).

Nurr1+, Cplx3+, and Ctgf+ subplate cells were quantified

in the subplate (defined as a 120-lm-thick layer in the P8

rat based on marker expression) across a 3.5-mm-long

expanse of the cortex. The layer V and VI cells were counted
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in three 0.5-mm radial columns (Fig. S1). Cells were

counted blind to treatment condition on at least two sec-

tions at the level of S1 (Bregma �2.5) per brain. For each

marker, cell numbers were statistically compared between

sham and treated animals using analysis of variance (ANO-

VA) followed by t-tests. Cell reduction rates (Figs. 2, 3) were

calculated as: %(cell reduction) = 1 � ([number of cells]/

[average number of cells in sham]).

The thickness of deep layers (layers VI and V) and

upper layers (layers II–IV) was measured on FoxP2-im-

munoreacted sections, where layers VI and V are labeled.

Thicknesses were measured at two points in the cortex (2

and 3 mm away from the midline) on two sections at the

level of S1 (Bregma �2.5). Measurements were normal-

ized to sham controls and a reduction in thickness

calculated as: reduction (thickness) = 1 � ([thickness]/

[average thickness in sham]). Thickness of upper and

lower cortical layers were compared within the same

severity group using t-tests.

Results

Histological analysis of hypoxic–ischemic
brains

The extent of the cerebral injury was assessed for each

brain on cresyl-violet-stained sections 6 days after the

hypoxic–ischemic insult. As previously reported by oth-

ers,12,13 a large variability in the severity of the pathologi-

cal changes was apparent (Fig. 1A–C). Sixteen brains

(46%) had normal structural and cellular morphologies

with no apparent lesions (Fig. 1A). Twelve further brains

(34%) showed decreased cell density in the deep layers of

the ipsilateral hemisphere which were sometimes accom-

panied by several patches of degenerated cells or scarred

tissue (Fig. 1B). Finally, seven brains (20%) had extensive

lesions in the ipsilateral cortical hemisphere with promi-

nent scars, primarily localized in layer V (Fig. 1C). Cells

in the layers below the scar appeared severely degenerated

while cells in the layers above the scar appeared normal.

These severe cortical lesions were generally accompanied

by a degenerated hippocampus and enlarged ventricles. In

addition, in the three most severe cases, the contralateral

hemisphere was also affected, although to a lesser extent

than the ipsilateral hemisphere. The affected contralateral

hemispheres were most severely damaged in the region

closest to the midline but also showed some atrophy, cell

loss, and/or small scars more laterally (not shown).

Based on this histological assessment, brains were

divided into three categories: Mild (no or mild atrophy,

normal histology; n = 16 brains), moderate (mild or

moderate atrophy; decreased cell density or patches of

dead cells at least in one area of the brain; n = 12 brains)

and severe (moderate or severe atrophy; presence of a

scar; n = 7 brains).

As a simple quantitative measure of injury, the cortical

thickness of ipsi- and contralateral hemispheres was taken

at three different positions. There was no observable dif-

ference in cortical thickness between ipsi- and contralat-

eral cortices in sham and mild cases. In moderate cases,

there was a trend for slight reduction of the ischemic side

compared to contralateral side, but this was not signifi-

cant. In severe cases, the cortical thickness of the ipsilat-

eral hemisphere was significantly reduced by ~40%
compared to sham cases (P < 0.001). There was no dif-

ference among dorso-medial, middle, and lateral areas

(Fig. 1D).

Subplate cell death is limited to severe
cases

The number of Nurr1+, Cplx3+, and Ctgf+ cells was

counted in the ipsi- and contralateral hemispheres of the

hypoxic–ischemic brains and compared to cell numbers

in the sham operated (Fig. 2).

We found, on average, no changes in subplate cell

numbers in the mild and moderate cases for all three sub-

plate cell populations. The number of Cplx3+ cells was

slightly decreased by an average of 14% in the ipsilateral

hemisphere of moderate cases, but this difference was not

significant. In the ipsilateral hemisphere of the severely

affected brains, all three subplate cell populations were

severely and significantly decreased by an average of 80–
90% (P < 0.05) (Fig. 2).

Subplate damage is accompanied by cell
death in layers V and VI

To assess whether cells in other cortical layers were

affected by the hypoxic–ischemic insult, cell numbers in

layers VI and V were quantified using immunohistochem-

istry against FoxP2 and Er81, respectively.

For the mildly affected cortices, no significant cell

death was observed for either cell population on average.

In moderate cases, a significant cell reduction was

observed for Er81+ cells in layer V (28%, P = 0.035) but

not for FoxP2+ layer VI cells (Fig. 3A). In severe cases,

there was a very large reduction in the number of both

Er81+ and FoxP2+ cells in the ipsilateral hemisphere

(~90%, P < 0.001) and a more modest reduction in the

number of Er81+ cells in the contralateral hemisphere

(26%, P = 0.021) (Fig. 3A and B).

In order to determine, with an alternative method,

whether lower layers (i.e., SP, VI, and V) were more

affected than upper layers (layers IV and II/III), the

thickness of the two compartments was measured in
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hypoxic–ischemic cases and compared to sham animals.

Sections were labeled with the deep layer marker FoxP2.

In mild, moderate, and severe cases, the decrease in

layer thickness was more pronounced in the deep layers

than in the upper layers (Fig. 4J). However, this differ-

ence in thickness reduction between lower and upper

layers was only significant for the moderate cases

(P = 0.008).

Changes in MBP+ cells following hypoxic–
ischemic insult

As HI in preterm infants is known to primarily damage

developing oligodendrocytes, immunohistochemistry

against MBP was performed on a subset of brains to eval-

uate myelination and oligodendrocyte maturation

(Fig. 5). A reduction of MBP+ cell staining was observed

Figure 1. Histological assessment of cortical injuries after hypoxia–ischemia. Cresyl-violet-stained sections from the ipsilateral hemispheres at P8

after hypoxia–ischemia at P2. Sections at the level of the somatosensory cortex in a mildly (A), a moderately (B), and a severely affected brain (C).

In the mild case (A), structural and cellular morphologies appear normal. In the moderate case (B), small patches of necrotic cells and cell loss are

visible in and above the subplate zone (arrowheads). In the severe case, a large band of necrotic cells spans the lower cortical layers and a

prominent scar crosses the cortical wall. The hippocampus is severely degenerated (C). Scale bar: 1 mm. (D) Quantification of the cortical

thickness. There is no observable difference in cortical thickness between ipsi and contralateral cortices in sham, and mild cases. In moderate

cases, there is a trend for a slight reduction in thickness compared to the contralateral side. In severe cases, the cortical thickness at all locations

(dorso-medial, middle, and lateral) is significantly reduced compared to sham cases. There was no significant difference among dorso-medial,

middle, and lateral areas. Asterisks (*) indicate significant difference in thickness, most probably due to cell death, compared to ipsilateral sham

controls (P < 0.05). Error bars are SEM.

Figure 2. Changes in Nurr1+, Cplx3+, and Ctgf+ subplate cell populations after hypoxia–ischemia. Examples of Nurr1 (A), Cplx3 (B), and Ctgf (C)

immunoreactive subplate cells in the ipsilateral hemisphere of sham (control) and mild, moderate and severe cases after hypoxia–ischemia. In the

mild case, subplate cell populations appear unaffected. In the moderate case, a few patches of cell loss are visible in the subplate with all of

markers (arrowheads). In the severe case, only subplate cells in the most dorso-medial cortex are preserved. Scale bars: 1 mm (large panels);

200 lm (small panels). Quantification of cell death of Nurr1+, Cplx3+, and Ctgf+ in the ipsi- and contralateral hemispheres compared to sham

controls (D). In the ipsilateral cortex of severe cases, a large proportion of Cplx3+, Nurr1+, and Ctgf+ cells underwent cell death (~80%). n = 7

(mild), five (moderate), and five (severe) for Nurr1 and Cplx3; n = 4 for Ctgf. Error bars are SEM. Asterisks (*) indicate significant cell death

compared to sham controls (P < 0.05).
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in a majority of analyzed cases (11 of 16 brains). In mild

cases, MBP+ cells and fibers appeared reduced and

extended less deeply into the cortical plate (Fig. 5B). In

severe cases, MBP+ cells appeared degenerated and almost

no MBP+ fibres were present (Fig. 5D). Surprisingly, in

several brains, MBP+ cells were found to be accumulating

within lesions in the cortical plate (Fig. 5C). These MBP+
cells presented a characteristic morphology with large cell

Figure 3. Changes in deep cortical layer IV–VI cell populations after hypoxia–ischemia. Examples of Er81 immunoreactivity labeling layer VI (A),

for the immunoreactivity for FoxP2 labeling layer VI (B) in the ipsilateral hemisphere of sham (control) and mild, moderate, and severe case after

hypoxia–ischemia. In the mild case, the FoxP2+ layer VI appears unaffected while a few patches of cell loss are seen in the Er81+ layer V

(arrowhead). In the moderate case, cell loss is visible in the Er81+ layer V and the FoxP2+ layer VI (arrowhead). In severe cases, a very large

proportion of Er81+ and FoxP2+ cells underwent cell death. Scale bar: 500 lm. (C) Quantification of differences in Er81+ and FoxP2+ cell

numbers in the ipsi- and contralateral hemispheres compared to sham controls. In severe cases, a large proportion of Er81+ and FoxP2+ cells

underwent cell death (~90%). Error bars are SEM. Asterisks (*) indicate significant cell death compared to sham controls (P < 0.05).

Figure 4. Thickness of deep cortical layers V and VI after hypoxia–ischemia. Examples of immunohistochemistry signals of the subplate (SP)

marker Nurr1 (A, D, and G), the layer VI marker FoxP2 (B, E, and H) and the layer V marker Er81 (C, F, and I) in the ipsilateral hemisphere of

sham (control) and mild and moderate cases after hypoxia–ischemia. In the mild case (D–F), the Nurr1+ SP appears unaffected (D) while a few

patches of cell loss are seen in the Foxp2+ layer VI (E, arrowheads). In the moderate case (G–I), cell loss is visible in the Nurr1+ SP (G) and the

FoxP2+ layer VI (H) (arrowheads). Staining for Er81 in layer V appears less dense (I) than in the sham control (C). Scale bar: 200 lm. (J)

Quantification of the reduction in thickness of upper and lower layers in the ipsilateral (IL) and contralateral (CL) cortex compared to sham

controls. In the IL hemisphere of mild and moderate cases, reduction in thickness was more pronounced for the lower layers than the upper

layers. This difference reached statistical significance for moderate cases (indicated by an asterisk *, P = 0.008). In severe cases, the thickness of

lower layers was reduced both ipsi- as well as contralaterally, and the upper layer thickness was reduced on the ipsilateral side. Error bars are

SEM.
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bodies and extensive, arborizing ramifications (insert

Fig. 5C) and did not coexpress the microglial marker IB4

(Fig. 5E).

Alterations in markers of injury throughout
the cortical hemisphere

In both moderate and severe cases, an increase of cells

expressing activated caspase 3 was observed throughout

the entire extent of the cortical hemisphere (Fig. 6E and

F) indicating ongoing apoptotic processes in all cortical

layers. Similarly, an increase in microglia labeled by Iba1

was found throughout all cortical layers in moderate cases

(Fig. 6B). In severe cases, many microglia with hypertro-

phic bodies appeared to accumulate within the glial

scar, while many others were found above and below

(Fig. 6C).

GFAP+ astrocytes were primarily localized within the

white matter in sham. But in moderate cases, many astro-

cytes were also found in deep layers (Fig. 6H). In severe

cases, overall labeling with GFAP was greatly increased

and astrocytes were found throughout the entire cortex

(Fig. 6I). In moderate cases, Nestin immunoreactivity was

not affected, but there was a sparser labeling in deep lay-

ers in severe cases (Fig. 6J–L). Some GFAP+ cells coex-

pressed Nestin in moderate cases, but there appeared to

be only limited overlap between GFAP and Nestin label-

ing in severe cases (Fig. 6M–O).

Figure 5. Changes in white matter and oligodendrocytes after hypoxia–ischemia. Examples of immunohistochemistry signals of MBP+

oligodendrocytes and cortical white matter in the ipsilateral hemisphere of sham (control) (A) and mild (B), moderate (C), and severe cases (D)

after hypoxia–ischemia. In the mild case (B), MBP+ cells and fibers are reduced in length in the lateral cortex compared to the sham control

(arrowheads). In the moderate case (C), the lesioned area in layer V/VI is filled with MBP+ cells. The insert in (C) shows the morphology of two of

these cells. In the severe case (D), the entire cortex below the scar contains MBP+ cells. These cells appear degenerated and do not have the

same morphology as observed in moderate cases. (E) Immunohistochemistry signals of MBP and IB4 within the cortical lesion. The MBP+ cells

(green, filled arrowheads) filling the lesions in moderate cases (C) do not coexpress the microglial marker IB4 (red, empty arrowheads) and the

two cell types have very different morphologies. Scale bars: 1 mm (A–D); 50 lm (E and insert in C).
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Using IB4 to label endothelial cells, we observed that a

disruption of the blood vessel network was seen in severe

cases in the area of the scarred tissue (Fig. 6R). Many

IB4+ cells appeared to be degenerated and accumulating

within the lesions.

Discussion

We used a model of HI in rat at P2 and assessed layer

specific cell death ~1 week later. This delay between insult

and analysis allows us to monitor overall brain damage,

not just immediate cell death events, which might lead to

subsequent waves of cell death. We chose this time point,

as we were particularly interested in identifying whether

selected subgroups of subplate neurons are more vulnera-

ble to HI, and the subplate-specific molecular markers are

best documented for P8 in rat. However, this precludes

an analysis of the effects of HI on behavior. For compari-

son, human 27–30 GW is roughly equivalent to rat P1–
P2 when comparing neurogenesis and axon extension

events (translatingtime.net).

HI mainly affects deep layers but is not
specific to subplate

As previously reported by others,12,13 a large variability in

the severity of the hypoxic–ischemic damage between differ-

ent animals was observed. However, we found that subplate

Figure 6. Measures of cell death and inflammation. Immunoreactivity imaged with confocal microscopy for the microglial marker Iba1 (A–C), the

apoptotic cell death marker cleaved caspase3 (D–F), the astrocyte marker GFAP (G–I), Nestin (J–L) and IB4 as a marker of endothelial cells to

delineate blood vessels (P–R) in the ipsilateral hemisphere after HI in sham (upper row), moderate (middle row), and severe (lower row) cases.

Qualitative analysis suggests a larger number of Iba1+ cell in the moderate case (B) compared to sham (A). Moreover, the labeled cells exhibited

hypertrophic bodies and concentrated below the layer IV in severe case (C). Caspase3+ cells appear more abundant in moderate and severe cases

compared to sham (D–F). Caspase3 immunoreactivity appears strongest in layer 4, but it was observed across the entire depth of cortex,

suggesting an increase in apoptosis in all layers of the cortex after HI. GFAP immunoreactive astrocytes were distributed within white matter and

deep layers in moderate case (H), but in severe case, GFAP+ cell were extending into the entire thickness of the cortex (I). In the severe case,

Nestin+ cells are less frequent than sham in deep layers (L). In the moderate case (Q), IB4 immunoreactive blood vessels were more abundant and

possibly also more branched compared to sham cases (P). The density of labeled structures was similar between sham (P) and severe cases (R),

but the IB4+ structures did not have the appearance of normal blood vessels in the deep layers. Scale bars: 50 lm (A–L), 200 lm (M–R).
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cell populations, identified by either Nurr1, Cplx3, or Ctgf,

were relatively robust to HI. In mild and moderate cases, no

significant changes in cell numbers were observed, even

though in a few individual cases, small patches of cell loss

had been visible in the subplate (Fig. 2). Only in severe

cases, subplate cell numbers were strongly and significantly

reduced by 80–90% for all three populations. Unlike previ-

ous publications, we did not find evidence for subplate-spe-

cific vulnerability when compared to other deep layers.

Er81+ layer V cells underwent significant cell reductions in

moderate cases and both layer V and FoxP2+ cell numbers

were strongly reduced in severe cases. Similarly, cleaved cas-

pase3, a marker of apoptosis, and Iba1+, a marker for mi-

croglia, were seen expressed in the entire cortex 1 week after

the hypoxic–ischemic insult, further suggesting that cell

death and inflammatory processes were taking place in all

cortical layers.

We did find some evidence, however, that deep layers

including subplate appeared to be more vulnerable than

upper layers as the decrease in cortical thickness was sig-

nificantly greater for lower layers compared to upper lay-

ers. Similarly, at least in moderate cases, astrocytes

appeared to be mainly present in the white matter and

the deep layers including subplate and absent from the

upper layers. The increased vulnerability of the lower cor-

tical layers is in line with previous studies on comparable

models of P2 and P3 rats where columns of degenerated

cells in the deep cortex involving subplate, layer VI, and

layer V were described.17,18

Our qualitative analysis suggests increasing active apop-

tosis, microglia, and astrocyte in moderately and severely

damaged cases after HI. Interestingly, in the severe cases,

there was an increased occurrence of IB4+ cells that

appeared to be degenerated and a disrupted blood vessel

network. This decrease and damage to the blood vessel

network might be related to the observed cell death.

Limitations of this study and comparison to
other models

The discrepancies of our findings with those of McQuil-

len and colleagues,12 who reported subplate-specific cell

death in mild and moderate cases, could be partially due

to differences in methods. As McQuillen and colleagues

identified subplate cells by BrdU birth-dating at E13 but

did not label other cell populations, it is conceivable that

they were not detecting changes in other deep layer popu-

lations. On the other hand, we cannot exclude that using

Nurr1, Cplx3, and Ctgf to identify subplate cells, we have

analyzed different subplate subpopulations than those

labeled by a pulse of BrdU at E13. A recent study in

mouse suggests that different subplate markers label sub-

plate cells of different birth dates.19

Discrepancies between the two studies could also be

due to small differences in the models: although the same

rat strain (Sprague-Dawley) and same age (P2) were used,

we exposed the animals to a slightly milder hypoxic envi-

ronment (6% O2 vs. 5.6%) at a lower temperature

(35.5°C vs. 37°C). In order to rule out that different

parameters were underlying the observed differences in

pathologies, we performed one series of experiments using

the same oxygen concentration and temperature as

McQuillen and colleagues. A qualitative analysis of cresyl-

violet-stained sections of 10 hypoxic–ischemic brains indi-

cated no changes in subplate cell densities (Data S1).

In addition to the cited work, at least seven indepen-

dent studies have been conducted on models of preterm

HI and their parameters and the main findings are sum-

marized in Table 1. Even though all models work with

rats between P1–P3, the resulting injuries are different in

each model. Most commonly, however, damage is

observed in the periventricular white matter and in the

deep cortical layers including subplate. This is further

confirmed by electrophysiological evidence, suggesting

that layer 5 pyramidal cells and subplate neurons are sim-

ilarly affected by oxygen–glucose deprivation.26

The variability observed between individual animals

within one model and between different models makes it

more difficult to draw conclusions, but also reflects the

variability observed in human pathology. For instance, a

recent study on hypoxic–ischemic encephalopathy in pre-

term babies describes that one-third of the infants had

normal outcomes, one-third died, and one-third showed

impairments ranging from mild motor delays to severe

cerebral palsy.27 Animal models of preterm HI could

therefore be a useful tool to further study the intrinsic

and extrinsic factors determining the large variability of

the outcome of a hypoxic–ischemic insult.

Finally, our method of quantifying cell populations

limits our analysis to the detection of cell loss or large

changes in gene expression. In the future, it would be

interesting to investigate more subtle changes in the dif-

ferent layers such as modification in the expression of

neurotransmitters or neuroaxonal damages. As we have

found some changes in inflammatory markers (Iba1,

GFAP, Nestin), these mechanisms should further be

investigated.

Conclusion

In contrast to previous studies, we found that subplate

cells identified by Nurr1, Cplx3, and Ctgf appeared to be

surprisingly robust in a rat model of preterm HI. We did

not find any evidence that subplate cells are more vulner-

able than other deep layers or the white matter as they

were generally damaged in parallel.
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Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Figure S1. Regions of quantifications illustrated. (A)

Subplate cells were counted on coronal sections taken at

the level of anterior corpus callosum in putative somato-

sensory cortex in a 3.5-mm-long stripe that was 1.5-mm

lateral from the midline. (B) Cortical thickness was mea-

sured at three positions (dorso-medial, middle, and lat-

eral). The layer V and VI cells were counted in three

0.5-mm radial columns that are indicated with squares

in (B).

Figure S2. Cresyl-violet and Nurr1+ staining of the

somatosensory cortex after hypoxia–ischemia model 2.

Examples of Cresyl-violet-stained sections (A and B) and

immunohistochemistry signals of Nurr1+ (C and D) from

the ipsi, contralateral hemispheres at P8 after hypoxia–
ischemia at P2. There was no apparent variability between

the cases of the second model. All hypoxic–ischemic

brains had a normal outer appearance and showed nor-

mal structural and cellular morphologies of the cortex.

All cases in this model were classified as “mild”. Scale

bars: 500 lm (A), 1 mm (C).

Data S1. Supplementary method: Hypoxia–ischemia

model 2.
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