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Abstract
Penetrating traumatic insult during pregnancy is a leading cause of human fetal demise; in
particular trauma to the brain may lead to devastating long-term cognitive sequelae. Perinatal brain
injury involves glial precursors, but the neural mechanisms controlling astrocyte ontogeny after
injury remain incompletely understood, partly due to a lack of appropriate markers and animal
models. We analyzed astrocyte precursor response to injury at the beginning (E11) and peak (E15)
of gliogenesis in an avian tectal model of penetrating embryonic brain trauma, without
confounding maternal and sibling effects. At both ages, lateral ventricular dilatation, necrotic foci,
periventricular cysts and intraventricular hemorrhages were observed distal to stab wounds two
days after a unilateral stab injury to optic tecta. Neuronal (TUBB3) and oligodendrocyte precursor
(PLP) markers were down-regulated, even far-removed from the wound site. In contrast, the
mature astrocyte marker, GFAP, was up-regulated at the wound site, around necrotic areas and
cysts, plus in usual areas of GFAP expression. Increased inflammatory response and apoptotic cell
death were also confirmed in the injured tecta. Increased expression of NFIA, SOX9 and GLAST
at the wound site and in the ventricular zone (VZ) of the injured tecta indicated an astroglial
precursor response. However, cell division increased in the VZ only in early (E11) injury, but not
later (E15), indicating that in late injury the astrogliogenesis occurring after acute injury is
predominantly due to precursor differentiation rather than precursor proliferation. The inability to
replenish the glial precursor pool during the critical period of vulnerability to injury may be an
important cause of subsequent developmental abnormalities.
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1. INTRODUCTION
Perinatal brain injury in humans following trauma, intrauterine infections, hypoxia, and/or
ischemia, as well as the consequence of pre-maturity and low birth weight, often leads to
devastating neurological consequences such as epilepsy, cerebral palsy, and behavioral and
cognitive problems. Periventricular white matter injury (PWMI), the most frequently
observed lesion in the neonatal brain, is strongly associated with several of these adverse
outcomes (Dambska et al., 1989; Folkerth, 2005; Rees et al., 2008), but the etiology of this
neuropathology is not fully understood (Johnston et al., 2002; Rezaie and Dean, 2002) and
the mechanisms leading to PWMI have not been identified. From the clinical prospective,
traumatic brain injury (TBI) elicits more severe responses during perinatal periods than in
adults (Adelson and Kochanek, 1998; Levin et al., 1982). However, the pattern of neonatal
brain injury differs significantly from that seen in the adult nervous system, and there are
broad differences in regional vulnerability and plasticity (Chapman et al., 2003; Lawson and
Perry, 1995; Milligan et al., 1991; Moses and Stiles, 2002; Stiles, 2000). Importantly, the
susceptibility period for the most common forms of developmental brain injuries coincides
with oligodendrocyte and astrocyte differentiation and maturation (Fig. 1). Deleterious
effects on oligodendrocyte and astrocyte precursors together with functional vascular wall
immaturity have been suggested to be vulnerability factors (McClure et al., 2008). If this
hypothesis is valid, several types of injuries might be expected to produce similar
phenotypes if they are inflicted during the susceptibility period.

The literature describes a variety of animal models for the study of injury outcomes, ranging
from hypoxia-ischemia to induction of the inflammatory response, that exhibit several of the
phenotypic characteristics observed in individuals with PWMI (Back et al., 2007; Rees et
al., 2008). Other types of brain injury such as traumatic or stab-wound injury have been less-
studied in embryonic animal models, even though traumatic insult during pregnancy, in
particular from penetrating trauma, has recently been reported to be the leading cause of
fetal demise in humans (Petrone et al., 2010). Some information is available from the few
animal models that have been described in the study of traumatic brain injury during
development. Concussive head trauma in infant rats causes extensive neuronal cell death at
the trauma site followed by degeneration of other, distant neurons (Bayly et al., 2006;
Bittigau et al., 1999; Ikonomidou et al., 1996; Pohl et al., 1999). As brain development
progresses, there is decreased susceptibility to apoptosis induced by traumatic injury,
possibly related to the developmental expression of members of the caspase-3 pathway
(Yakovlev et al., 2001) and to glutamate homeostasis (Lea and Faden, 2001). However,
analyses of the responses of astrocytes and their precursors after stab-wound brain injury in
the developing embryo are lacking, even though these cells may be expected to be key
players in controlling glutamate metabolism after injury. In fact, astrocytic response towards
reactive astrogliosis has been deemed both harmful and beneficial to neural repair after adult
brain injury (Sofroniew, 2005; Sofroniew, 2009) and the response of glial precursors has
only recently been assessed in a few adult animal injury models, where indications of
oligodendrocyte precursor cell death and temporal shifts in progenitor fates have been
reported (Gotts and Chesselet, 2005; Hampton et al., 2004; Sellers et al., 2009). In contrast
to adult injury, during perinatal injury the brain lacks sufficient mature astrocytes to respond
to injury; thus either progenitors need to divide to increase the pool of glial precursors or the
existing precursors will need to accelerate their maturation to the astrocytic phenotype and
then to reactive astrocytes. However, these aspects of the glial precursor response to
embryonic injury have not been adequately examined, largely due to the limited number of
in vivo markers, especially for astrocyte precursors.

Although the origin of astrocyte precursors during development is poorly defined, it is
thought to occur in at least two phases. Astrocytes can be generated in early development by

Domowicz et al. Page 2

Brain Res. Author manuscript; available in PMC 2012 May 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



migration and differentiation of radial glial cells (Luskin et al., 1988; Price and Thurlow,
1988; Seo et al., 2008) and at later stages from migratory progenitors that emerge from the
dorsal sub-ventricular zone (Levison and Goldman, 1993). Other than early glial markers
such as brain lipid binding protein (BLBP) (Feng et al., 1994; Kurtz et al., 1994), glial Na+-
dependent glutamate/aspartate transporter (GLAST) (Shibata et al., 1997) and nestin
(Frederiksen and McKay, 1988), a number of transcription factors such as Sox9 (Stolt et al.,
2003; Wegner and Stolt, 2005) and nuclear factor I/A and B (NFIA, NFIB) (Deneen et al.,
2006), and proteoglycans such as aggrecan (Domowicz et al., 2008) and brevican (Jaworski
et al., 1995), have been reported to be expressed by these precursors. In humans and in
several animal models, oligodendrocyte loss and astrogliosis response after perinatal brain
injury have been well documented (Marin-Padilla, 1997; Marin-Padilla, 1999; Robinson et
al., 2005), but significant questions such as whether glial precursors are recruited after injury
to become hypertrophic astrocytes remain unanswered.

The present study addresses how astrocyte precursors respond to embryonic injury by
analyzing the expression and localization of a number of glial precursor markers using
mRNA in situ hybridization in a novel avian model of penetrating tectal stab-wound injury.
The chick has numerous advantages for such studies: i) the simple and well-studied laminar
structure of the tectum (Gray and Sanes, 1991; LaVail and Cowan, 1971a; LaVail and
Cowan, 1971b); ii) the opportunity to compare the ipsilateral (injured) and contralateral
(uninjured) side tecta; iii) absence of confounding maternal or placental influences; and iv)
the relatively advanced brain development at hatching in chicks (comparable to birth in
humans), in contrast to that of small mammals like mouse and rat. In addition to these
scientific advantages, chick embryos offer practical advantages as well: i) the use of eggs is
economical, allowing large sample sizes; ii) ease of handling; iii) and ability to test at
different developmental ages with accurate timing and reproducibility. Furthermore, timing
of the generation of the three cell types within the chick brain correlates to comparable
periods during mammalian development (Fig. 1), allowing direct temporal comparisons
between the different species.

These significant advantages make embryonic chick brain an excellent model in which to
assess changes in expression and localization of glial precursors. We have analyzed the
consequences of stab-wound brain injury in this model at two critical times during astrocyte
differentiation: in the early stages of gliogenesis (E11) and during the peak of gliogenesis
(E15) (Fig. 1) (Domowicz et al., 2008). Interestingly, these ages coincide with the sensitivity
period for impairment of memory after embryonic hypoxic injury in chicks (Rodricks et al.,
2008) and the later period falls within the susceptibility periods described for human and
rats (Fig. 1). We observed specific cell-type loss and pathology similar to that seen in human
perinatal brain injuries, as well as activation of ventricular zone (VZ)-localized precursors.
We also found increased expression of early glial markers at the wound site and in the VZ of
the injured areas, supporting the hypothesis that glial precursors are recruited to astrocytic
differentiation following injury. Furthermore, this recruitment appears independent of
precursor proliferation when the injury is performed during the peak of gliogenesis (E15).

2. RESULTS
2.1 Embryonic Injury Model

Puncture injuries in the right optic tecta of chick embryos were made at E11 and E15
through windows cut in the egg shells. The optic tectum was the chosen target because it is a
large and well-defined area of the chick brain with well-characterized cytoarchitecture
comprising 15 laminae, where retinotectal projections have been thoroughly described, and
for which the developmental formation process is known (Cepko et al., 1997; Yamagata et
al., 2006). Eggs were re-sealed and the embryos were allowed to develop for up to 5 days
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after injury. We observed approximately 15% mortality among both injured and sham-
control embryos, and in most cases death could be attributed to damage of the extra-
embryonic vasculature during the handling of the embryo. Brains were collected, sectioned
and analyzed with a battery of cell-type markers by in situ hybridization. Several examples
of low magnification pictures of brain sections injured at E11 and E15 depicting the
neuronal and astrocytic response to injury are shown in Supplementary Figure 1.

Besides the obvious puncture wounds in the right tecta (Fig. 2A, B), cavitating lesions (Fig.
2F), lateral ventricular dilatation (enlarged ventricles), periventricular cysts (Fig. 2G) and
small hemorrhagic foci (Fig. 2C) were frequently observed in the injured midbrain either in
the white matter or along the midbrain midline at E11. In a few cases, large lateral
hemorrhages were observed (not shown), probably due to puncture of a major blood vessel
during the injury.

Prenatal brain injury in humans results in gliosis as well as oligodendrocyte precursor and
neuronal loss (Back et al., 2007; Rees et al., 2008; Rezaie and Dean, 2002; Volpe, 2001). In
chick embryos, acute puncture injury at E11 led to extensive loss of the neuronal marker
Class III β-tubulin (TUBB3), not only at the puncture site (Fig. 2B, dotted line) but at a
distance from the injury site as well (Fig. 2B, arrows). This general loss of neurons starts to
be evident 24 h after injury (not shown), in contrast to what has been described for adult
brain injury models in which only localized neuronal loss is observed initially (Kazanis et
al., 2003). Injury at the peak of gliogenesis (E15) yielded significant neuronal loss (Fig. 3A,
B) and a very robust astroglial response, with strong increases in glial fibrillary acidic
protein (GFAP) mRNA (Fig. 3C, D), not only in the puncture area (Fig. 3D, arrow) but also
in the ventricular and intermediate zones (Fig. 3D, vertical line).

To facilitate study of oligodendrocyte precursor cells (OPC) in the chick brain, myelin
proteolipid protein (PLP) mRNA levels can be used to detect late oligodendrocyte
precursors. Since PLP mRNA was only detectable in the laminar tecta after E13, we
evaluated the expression changes of this marker only following the later, E15 injuries.
Expression of PLP mRNA was down-regulated in E15 injured tecta (Fig. 3F) and the
affected areas correspond closely to the areas of neuronal marker loss (Fig. 3B).
Interestingly, the superficial layers of the OPCs were less affected by injury. Previously, two
populations of OPC have been distinguished in optic tecta on the bases of their origin and
migration patterns: a population located in the superficial layers of the retinal nerve tract,
and another population which originates in the ventricular zone of the mesencephalic neural
tube and migrates first tangentially through the intermediate zone of the optic tectum and
then radially towards the external layers (Kim et al., 2006). Our findings regarding the
deeper tectal layers may indicate that this second population of OPCs is preferentially
affected by injury.

2.2 Apoptosis
To explore whether the decreased neuronal and oligodendrocyte marker levels could be due
to apoptotic cell death, levels of caspase-3/7 activity were measured in fresh tecta
homogenates at different times after injury using a fluorogenic peptide substrate, Ac-DEVD-
AMC (Fig. 4A). The lower levels of caspase-3/7 in the experiments performed at E15 (Fig.
4B) are expected, since most of the developmental neuronal cell death is over by E15 in the
chick (Oppenheim, 1991). The results also indicate that, in tecta injured at either E11 or
E15, increased caspase-3/7-specific activity peaks 24 h post-injury; however, no significant
differences were observed between the uninjured and sham-control tecta. Furthermore,
histological analysis of Nissl and DAPI fluorescent stained sections from the injured
ipsilateral side (Fig. 4C and E) showed many pyknotic nuclei, in contrast with the uninjured
contralateral side (Fig. 4D and F) 24h after E11 or E15 injuries. Thus, the loss of neurons
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and oligodendrocytes after injury may be attributable at least in part to apoptotic cell death,
as has been described in other embryonic injury models (Bayly et al., 2006; Leviton and
Gressens, 2007). Even though these findings do not identify the cell types affected by
apoptosis they allow us to define the first 24–48 h after injury as a critical window for
apoptotic damage.

2.3 Inflammatory response
An inflammatory response to the stab-wound injuries was also observed, evidenced by up-
regulation of cyclooxygenase-2 (COX-2) mRNA in the injured tecta as assayed by Northern
blot (Fig. 5A). Interestingly, this up-regulation was evident in brains damaged at E11, even
though the levels of COX-2 are relatively low at this embryonic stage since the immune
system is not fully developed (Cuadros et al., 1997; Cuadros et al., 2000). Also, the levels of
COX-2 in the uninjured-side tecta were higher than in age-matched sham-treated animals,
indicating a remote response to injury in the acutely injured embryonic brains (Fig. 5B), a
finding consistent with previous results in mammals (Caggiano et al., 1996). Since COX-2
has been reported to be expressed by all cell types in the brain (Laflamme et al., 1999;
Minghetti, 2004; Samad et al., 2001; Vardeh et al., 2009), we analyzed expression of COX-2
by in situ hybridization in sections from midbrain injured at E15 and collected at E18 (Fig.
5C). We were unable to detect any signal for this probe in the tectum laminae except for the
area immediately surrounding the needle track (Fig 5B, arrow), suggesting that the increased
expression of COX-2 may be due at least in part to infiltrating activated microglia. We
further analyzed expression of the transcription factor HIF-1, which has also been implicated
in migration of microglia after hypoxic injury (Wang et al., 2008), and found a pattern of
expression similar to that of COX-2 (Fig. 5C). Taken together these results support the idea
that there is an inflammatory response after embryonic brain injury.

2.4 Astrocyte precursor response
As mentioned, astrocyte precursors are thought to occur in at least two phases: generated by
differentiation of radial glial cells in early development (Luskin et al., 1988; Price and
Thurlow, 1988; Seo et al., 2008) and from migratory progenitors that emerge from the dorsal
sub-VZ at later stages (Levison and Goldman, 1993). Intermediate filament proteins such as
GFAP have been used in immunohistochemical studies to characterize the temporal spatial
changes in reactive astrocytosis (Eng et al., 2000); this intermediate filament protein is also
used in developmental studies as the major mature-astrocyte marker. We found GFAP
mRNA levels to be up-regulated at the wound site and around necrotic areas and cysts, as
well as in the VZ and intermediate zones in E15-punctured tecta (Fig. 3D & Fig. 7B & C), in
multiple embryos confirming an astrogliosis response. Interestingly, increased GFAP
mRNA expression in the VZ of the injured side of E11-punctured brains (Fig. 2E), before
any GFAP-positive cells are detected in normal development, suggests that the gliogenesis
process is accelerated by acute injury in the immature brain. To test this possibility, we
analyzed the expression of a marker of astrocyte precursors at this stage, GLAST (Hartfuss
et al., 2001; Shibata et al., 1997) and of two transcription factors, NFIA (Deneen et al.,
2006) and SOX9 (Stolt et al., 2003), which recently have been proposed to regulate
gliogenesis. Increased levels of all three markers were observed in the injured side of E11-
punctured brains two days after injury (Fig. 6), particularly in the VZ but also in cells
scattered throughout the tectal laminae (Fig. 6B, D, F). In brains injured at E15 these
differences were more apparent and extended to all layers of the stratum central (Fig. 7E, H,
K). Also, increased levels of GFAP around cyst and necrotic areas were accompanied by
increased levels of these precursor markers (Fig. 7F, I, L). These data suggest that astrocyte
precursors, derived from their normal sites of developmental generation, are responding to
the acute injury. Also, since we observed improved needle-wound sealing following injuries
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at E11 compared to E15 (data not shown), perhaps the better healing capacity in the early
injuries reflect a larger plasticity from earlier precursors.

The question remained whether these changes following injury reflect an increased
hypertrophic astrocytic response or an increased differentiation response. Since, at the
embryonic stages studied, most of the tectal GFAP- positive astrocytes still have radial-glial
morphology, we analyzed these cells for morphological changes after injury, using GFAP
immunocytochemistry (Fig 8). Four days after stab injuries performed at E11, increased
levels of GFAP immunoreactivity were observed in the ipsilateral side distal from the
puncture site with respect to the contralateral side, in agreement with the up-regulation of
GFAP mRNA (Fig 8A and B). The GFAP-positive cells in the injured side exhibited radial
glial morphology, while astrocytes with reactive/hypertrophic morphology (Wilhelmsson et
al., 2006) were identified in areas where pyknotic nuclei were observed (Fig 8C and D).
Similar results were obtained in E15 punctured tecta (Fig. 8E and F), where astrocytes with
hypertrophic morphology were found both at the puncture site (not shown) and around
hemorrhagic foci (Fig 8G, I) and periventricular cysts (Fig 8H, J), while in the adjacent
areas most of the GFAP-positive cells exhibit radial-glial morphology (Fig 8C, G and H).
Thus, most of the transcriptional changes occurring after injury in the ventricular zone
reflect precursor differentiation to the astrocytic fate rather than hypertrophy.

2.5 Proliferation
BrdU incorporation studies were performed to determine if the observed elevated levels of
markers for astrocytes and their precursors can be attributed to increased proliferation in the
VZ of the injured hemisphere. Analysis of brains injured at E11 and labeled with BrdU for 6
h at E13 revealed an increase in BrdU-positive cells in the VZ of the injured side (Fig. 9C,
D), while in brains injured at E15, and labeled with BrdU no apparent increase in cell
division was observed in any region of the tectum cortex at E18, including the VZ (Fig. 9G,
H). These observations were confirmed by quantifying the number of proliferative cells two
(E13) and four (E15) days after E11 injury, and three (E18) and five days (E20) after E15
injury (Fig 9I). A significant difference in the number of BrdU-positive cells per square mm
was observed two days after E11 injury on the ipsilateral side with respect in the
contralateral side. Four days after injury the same tendency was observed but the results
were not statistically significant. In contrast, three or five days after brain injury at E15, no
increase in proliferation was found in the injured compared to the uninjured side. These
results suggest that increased precursor differentiation may be the primary mechanism
driving the astrocytic response to injury at E15, and that the precursor population is not
replenished, at least initially, by increased precursor mitosis.

3. DISCUSSION
Diverse animal injury models using conditions such as hypoxia-ischemia in rats and guinea
pigs, umbilical cord occlusion in late ovine gestation, and exposure to endotoxin which
mimics fetal infection and the associated inflammation response in sheep and rats, all
replicate aspects of the pathology observed in humans, and therefore have been used to
study different aspects of fetal brain injury (Back et al., 2007; Johnston et al., 2001; Rees
and Harding, 2004; Rees et al., 2008; Riddle et al., 2006; Robinson et al., 2005; Svedin et
al., 2005; Tan et al., 2005). Since many of the pathological sequelae of PWMI observed in
human neonates closely resemble those observed after puncture injury in chick tectum, this
injury model can be useful to test emerging hypotheses of PWMI pathogenesis: i) injury to
oligodendrocyte progenitors may contribute to the pathogenesis of PWMI by arresting the
maturation of oligodendrocytes (Segovia et al., 2008); ii) the vascular end zones in white
matter may be particularly susceptible to ischemia, and several lesions of periventricular
leukomalacia (PVL) may arise from severe or persistent ischemia in vascular end zones of
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long-penetration arteries (Nakamura et al., 1994; Volpe, 2001); iii) transient over-expression
of activated microglia in cerebral white matter during the peak window of vulnerability for
PVL could render this region susceptible to insults caused by prolonged microglial cell
activation (Billiards et al., 2006). Thus far, the avian penetrating injury model has led to
novel findings with respect to glial precursor response to embryonic injury.

Compared to needle stab-wound injury in adult mice (Burns et al., 2009), the brain damage
occurring after such injury in the developing chick embryo is more severe with respect to the
extent of astrocyte activation, as well as in pathological consequences. Increased levels of
GFAP expression extend beyond the damaged areas and affect precursor population
locations such as those in the VZ. Since increased GFAP expression is also indicative of
reactive astrocytes, we needed to distinguish the contributions from reactive astrogliosis and
differentiating astrocytes. Therefore, to better define the astrocyte precursor response, the
expression of transcription factors known to be involved in astrocyte differentiation such as
NFIA and SOX9 (Deneen et al., 2006; Stolt et al., 2003; Wegner and Stolt, 2005) as well as
the morphological changes of the astrocytic cell population following injury were assessed.
At both ages E11 and E15, hypertrophic morphology (Wilhelmsson et al., 2006) is observed
around damaged areas, but for the most part the GFAP-positive cells exhibit the radial glial
morphology that characterizes glial precursors at this developmental stage. These data
suggest that the transcriptional changes observed in the VZ precursors are not due to
hypertrophy of the cells, but rather are associated with increased differentiation towards the
astrocytic phenotype following injury.

NFIA has thus far never been reported to be associated with reactive astrocytes, and our
study is the first to analyze its expression after embryonic injury. Increases in SOX9
expression have been observed after adult spinal cord injury (Gris et al., 2007; Meletis et al.,
2008); genetic cell mapping of the cells in the glial scar after such injury indicated that the
SOX9-positive cells were astrocyte-like cells derived from the ependymal cell precursors,
and were a population distinct from the resident reactive astrocytes (Meletis et al., 2008).
Thus, increased expression of mRNAs for the transcription factors SOX9 and NFIA
observed after embryonic injury likely indicates that either existing precursors accelerated
their differentiation to the astrocytic phenotype or that more precursors were recruited to this
fate. The latter effect could be particularly damaging if it reduced the pool of OPCs in the
brain. This finding together with the loss of OPCs to apoptosis after injury, suggest this
population of cells is most affected by developmental injuries. In addition, it has been
suggested that extracellular matrix changes stemming from the gliosis response may limit
the differentiation abilities of OPCs (Riddle et al., 2006), therefore alterations in matrix
composition and fate are also being investigated (unpublished observations).

Although the modes of insult/damage are diverse in nature they all lead to an inflammatory
cascade, and it has been suggested that this response, together with vascular and glial
immaturity, may comprise the common denominators in the dramatic and widespread
outcomes in neonatal brain injury (Folkerth, 2005; Reddy et al., 1986; Rees et al., 2008). We
also demonstrated increased post-injury levels of COX-2, which is consistent with the
occurrence of an inflammatory response in our model, even though the embryonic immune
system is under-developed. Although COX-2 is known to be up-regulated in neurons after
adult injury, when it aids in developing a central component of inflammatory pain
hypersensitivity (Vardeh et al., 2009), we were unable to associate the increased COX-2
expression to neurons after injury. We did detect increased expression of COX-2 and HIF1A
in the wound area by in situ hybridization, probably associated with activated microglia.
Additionally, the reduction in neuronal and oligodendrocyte precursor marker levels indicate
significant cell loss occurs during acute injury. Since levels of caspase-3/7 were dramatically
increased 24 h post-injury, we can conclude that this loss may be due in part to apoptotic
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cell death. Susceptibility of other glial precursors and astrocytes to cell death should not be
overlooked, since several other embryonic models have exhibited rapid loss of these cell
types as well (Sen and Levison, 2006).

Proliferation analyses showed increased BrdU incorporation when injury was inflicted early
(E11) but not later (E15) in development, suggesting that the diminished ability of
precursors to respond to injury with progression of development by activating their cell
cycle, might be an additional detrimental factor affecting recovery from injury during the
susceptibility period (E15). Furthermore, we can conclude that the changes in SOX9 and
NFIA expression patterns after E15 injuries were not due to the generation of more astrocyte
precursors by cell division following injury. As well, the acute gliosis response by astrocytes
at the injury site or associated with cystic areas was initially due to nonproliferative
hypertrophy. Commensurate with our studies, lower levels of cell proliferation were
observed (Robinson et al., 2005) in embryonic brain models of hypoxia-ischemia, while in
models of chronic hypoxia increases in BrdU incorporation in the SVZ only become evident
one week after cessation of hypoxia (Fagel et al., 2006). Also, brain injury in adults has been
reported to increase cell division in precursor niches, but the effect occurs several weeks
after injury at the earliest.

In conclusion, the pathology of avian prenatal brain injury described here closely parallels
the response-to-injury process observed in mammalian models. Importantly, it provides a
means to analyze differentiation, apoptosis and proliferation of glial precursors after injury
and during the inflammation response, in an economical, technically straight-forward
manner free of confounding maternal and sibling influences. The studies, thus far, indicate
that the astrogliogenesis response to acute injury results predominantly in precursor
differentiation and recruitment. The subsequent pathophysiology is therefore most likely due
to a diminished precursor pool during the period of greatest susceptibility to injury, making
the sequelae of embryonic injury significantly different from that observed in adult acute
injury, and may explained the more severe pathophysiology.

4. EXPERIMENTAL PROCEDURES
4.1 Embryonic Brain Injury

Eggs containing E11 or E15 chick embryos were windowed and the vitelline membranes
were opened. Embryos were carefully (avoiding damaging the extra-embryonic blood
vessels) exposed using a sterile glass hook to gain access to the head. The exposed skull was
stabbed at the level of the right tectum using a sterile 16-gauge needle which is scored at
1mm to mark the deepness of the wound. Eggs were resealed with 3M vinyl tape and
returned to incubation at 39°C for up to five days after injury. Control eggs were sham-
treated, omitting the stabbing step.

All age embryos were euthanized by decapitation prior to dissection of the brain in
agreement with recommendations of ILAR, the NIH intramural recommendations for rodent
neonates, and the AVMA Panel on Euthanasia.

4.2 mRNA In Situ Hybridization
At different times after injury, brains were dissected, fixed in 4% paraformaldehyde, and
processed for non-radioactive in situ hybridization as described previously (Domowicz et
al., 2008). To prepare the digoxigenin (DIG)-labeled RNA probes used for in situ
hybridizations, cDNA fragments from the GFAP, PLP, TUBB3, SOX9, COX-2 and
GLAST/SLC1A3 genes were prepared as previously described (Domowicz et al., 2008;
Domowicz et al., 2009) and cDNA fragments for NFIA (nt 1330–1864 of NM_205273) and
HIF1A (nt 1562–2228 of NM_204297.1) were obtained by PCR from E8 chick brain cDNA
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using specific primers based on GenBank sequences. Riboprobes incorporating DIG-labeled
nucleotides were synthesized from linearized plasmid templates with SP6 or T7 polymerase
(Roche). After hybridization, DIG-labeled RNA duplexes were detected with an alkaline
phosphatase-conjugated anti-DIG antibody (Roche). Alkaline phosphatase activity was
detected using BCIP and NBT substrates (Roche). Results depicted in Figs. 2, 3, 6 and 7
were consistently observed in multiple independent embryos (3–6) and contralateral tecta
patterns are comparable to sham controls (data not shown).

4.3 Northern Blot Analysis
Total brain RNA was extracted using TRIzol reagent (Invitrogen). RNA (10 μg per lane)
was electrophoresed in a denaturing 1.2% agarose-formaldehyde gel and transferred to
Nytran SuperCharge (Schleicher and Schuell) membranes by TurboBlotter rapid downward
transfer. Hybridization was performed using QuikHyb solution (Stratagene). Radiolabeled
probes were prepared using the Rediprime system (Roche). Following hybridization, the
nylon membranes were washed twice with 2X SSC/0.05% SDS for 30 min at room
temperature and twice with 0.1X SSC/0.1% SDS for 30 min at 58 °C. Autoradiography was
performed overnight at −70°C with Kodak MR2 film. Bands were quantified with Quantity
One image analysis software (Bio-Rad). Blots were stripped by boiling in 0.1X SSC/
0.1%SDS and re-probed with a GAPDH control probe. GAPDH mRNA level was used as
the internal standard for normalizing loading differences.

4.4 Proliferation Assay
For proliferation assays, BrdU (1.6 mg/100μL) was applied to the vitelline membranes of
eggs 3 h prior to tissue harvest. Tissue was then fixed, embedded, sectioned and processed
for immunocytochemistry using an anti-BrdU IgG (BD Bioscience) primary antibody and
alkaline phosphatase conjugated anti-rabbit IgG (Roche, Germany) secondary antibody
(Domowicz et al., 2008). BrdU-positive cells were quantified using ImageJ software (NIH)
for three embryos at each indicated embryonic age.

4.5 Caspase 3/7 Activity
At the indicated times after injury, the right and left tecta were dissected and homogenized
in lysis buffer (AnaSpec, Ca). Caspase 3/7 catalytic activity was determined by measuring
the proteolytic cleavage of the fluorogenic substrate Ac-DEVD-AMC (AnaSpec, Ca).
Production of AMC was monitored continuously in a Victor3 fluorescence plate reader
(PerkinElmer) (King et al., 2009). Total protein content was determined using the BCA
protein assay (Pierce). Initial maximum velocities are represented (Fig. 4) and expressed as
relative fluorescence units per minute per μg of protein. Data were analyzed for statistical
significance using the Student’s t-test.

4.6 Immunocytochemistry and histology
Immunocytochemistry with anti-GFAP antibody (Clone GF5, Millipore) was performed as
described previously (Domowicz et al., 2008). Fluorescence images were obtained with a
Leica SP2 spectral confocal microscope in the BSD Digital Light Microscopy Core Facility
of The University of Chicago Cancer Research Center.

Green fluorescent Nissl staining (Invitrogen) and DAPI (Sigma) staining were performed on
paraffin sections from embryos injured unilaterally on E11 or E15 and sacrificed 24h after
injury. Fluorescence images were obtained with an Olympus DSU spinning disk confocal
microscope in the BSD Digital Light Microscopy Core Facility of The University of
Chicago Cancer Research Center.
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Figure 1. Sequence of neuronal and macroglial development phases in avian brain compared to
selected mammalian counterparts
Comparison of chick, mouse/rat and human brain developmental timelines for the
generation of the three cell types, based on the following reports: (Clancy et al., 2001;
Clancy et al., 2007; Domowicz et al., 2008; Kim et al., 2006; Rice and Barone, 2000;
Sauvageot and Stiles, 2002; Wiggins, 1986). The black bar in the human timeline represents
the critical period of vulnerability in humans (Rice and Barone, 2000). E: embryonic age; P:
post-natal day; M: month of gestation.
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Figure 2. E11 stab brain injury elicits early upregulation of GFAP mRNA in the ventricular zone
and causes extensive neuronal damage
Stab injuries were performed on E11 chick right tecta, and midbrains were collected two
days later. Expression patterns of the neuronal marker Class III β-tubulin (TUBB3) (A,B,C,
F) and the astrocytic marker glial fibrillary acidic protein (GFAP) (D, E & G) in the
uninjured contralateral (Co) (A &D) and injured ipsilateral (Ip) (B,C,E and F) sides of the
tecta detected by mRNA in situ hybridization are shown in midbrain transverse sections.
Dotted line in B indicates needle track. Close-up of small hemorrhagic foci in the midbrain
midline area (C), ventricular cavitating lesions (F), and peri-ventricular cysts (G) are shown.
Arrows in B indicate reduced TUBB3 signal at a distance from the puncture site. Note that
no hybridization signal for GFAP was detected in the contralateral side at this stage (D)
compared to GFAP expression in the VZ of the ipsilateral side (E). Scale bar: 100 μm.
Results depicted in this figure were consistently observed in multiple independent embryos
(6 embryos)
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Figure 3. Increased GFAP mRNA expression on embryos injured at E15
Expression patterns of post-mitotic neuron, astrocyte and oligodendrocyte precursor markers
five days after stab-wound injury in E15 tectum. Serially adjoining cross-sections of the
uninjured Co (contralateral) (A, C and E) and the injured Ip (ipsilateral) sides (B, D and F)
of the tectal laminae probed for TUBB3 (neuronal marker) (A, B), GFAP (astrocyte marker)
(C, D), and PLP (oligodendrocyte precursor marker) (E,F) expression by mRNA in situ
hybridization. The needle track is marked with a dotted line. Note increased levels of GFAP
in the VZ and around the injury site (arrow in D) and in the intermediate zone (vertical line
in D), as well as the loss of neurons and oligodendrocyte precursors. Scale bar: 100μm.

Domowicz et al. Page 17

Brain Res. Author manuscript; available in PMC 2012 May 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Results depicted in this figure were consistently observed in multiple independent embryos
(6 embryos).
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Figure 4. Time course of neural death after stab-wound injury demonstrates a peak of apoptotic
damage after 24h
Levels of Caspase 3/7 were determined as a measure of apoptosis in the injured midbrains.
Tecta were collected from embryos injured unilaterally on E11(A) or E15 (B) and sacrificed
at the indicated times after injury. The ipsilateral and contralateral tecta were homogenized
and caspase 3/7 catalytic activity was determined by measuring the proteolytic cleavage of
the fluorogenic substrate Ac-DEVD-AMC (AnaSpec). Production of AMC was measured
continuously in a Victor3 microplate fluorescent reader (PerkinElmer). Total protein content
was normalized using the BCA protein assay (Pierce). As sham control, tecta from embryos
in which eggs were windowed at E11 or E15 and collected at the indicated times were also
analyzed. Initial maximum velocities are shown, expressed as relative fluorescent units per
minute per mg of protein. Tukey HSD test was used after one-way ANOVA to generate the
p values. **: p<0.01; *: p<0.05. Paraffin sections from embryos injured unilaterally on E11
(C, D) or E15 (E, F) and sacrificed 24h after injury were stained with green fluorescent Nissl
stain (Invitrogen) and DAPI (Sigma). Panel C and E depict a representative image from the
injured side and panel D and F from the uninjured contralateral side of the same section. All
pictures correspond to the neuronal laminae i/j of the SGFS (stratum griseum et fibrosum
superficial). Arrowhead indicates some of the pyknotic nuclei.
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Figure 5. Embryonic brain stab injury triggers widespread pro-inflammatory changes
A. COX-2 and GAPDH mRNA expression in optic tecta from embryos injured unilaterally
on E11 and sacrificed on E14 (E11–13) or injured on E15 and sacrificed on E18 (E15–E18)
determined by Northern blot analysis. As a sham control (S), tecta from embryos in which
eggs were windowed at E11 or E15 and collected in E15 and E18, respectively, were used.
A representative Northern blot is shown. B. COX-2 mRNA levels from injured I (ipsilateral)
and uninjured C (contralateral) tecta were normalized with respect to GAPDH mRNA levels
using Quantity One image analysis software (Bio-Rad). Data represent the average ± the
standard deviation from three independent embryos. Tukey HSD test was used after one-
way ANOVA to generate the p values. *: p<0.05. C. Expression of GFAP, COX-2, HIF-1
by in situ hybridization in three serially adjoining sections around the stab-wound area
(arrow) of embryos injured unilaterally on E15 and sacrificed on E18.
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Figure 6. Increased expression of astrocytic precursor markers in the VZ of embryos injured at
E11
Detection of NFIA (A, B), GLAST (C, D) and SOX9 (E, F) mRNAs in serially adjoining
cross-sections of the tectal laminae three days after stab injuries performed at E11. Increased
expression levels of astrocyte precursor markers in Ip (ipsilateral) injured tecta (B, D and F)
with respect to the Co (contralateral) side (A, C and D) in the VZ (arrows) and scattered
throughout the tectal laminae (B arrowheads) suggests activation of astrocyte differentiation.
Scale bar: 100μm. Results depicted in this figure were consistently observed in multiple
independent embryos (3 embryos).
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Figure 7. Increased astrocytic precursor marker expression from the VZ to the parenchyma on
embryos injured at E15
Detection of NFIA (D, E, F), GLAST (G, H, I) and SOX9 (J, K, L) mRNAs by in situ
hybridization in serially adjoining cross-sections of the tectal laminae three days after stab
injuries performed at E15. Pattern of GFAP expression is shown for comparison (A–C).
Increased expression levels of astrocyte precursor markers in the Ip (ipsilateral) tecta with
respect to the Co (contralateral) side suggests activation of astrocyte differentiation in the
VZ (B, E, H & K) (arrows) and in the parenchyma (vertical line) as well as surrounding the
necrotic and cystic areas (C, F, I, L). Scale bar: 100μm. Results depicted in this figure were
consistently observed in multiple independent embryos (3 embryos).
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Figure 8. Morphology of GFAP-positive cells on embryos injured at E11 and E15
A–D. Immunocytochemistry with GFAP antibody and confocal microscopy confirmed
increased expression of GFAP protein in the ipsilateral side (B) of brains injured on E11 and
sacrificed on E15 with respect to the contralateral (A) side of the same animal. Radial glial
morphology characterized most cells distal from the stab wound (B) and damage areas. Cells
with hypertrophic morphology were evident in areas with pyknotic nuclei (C). D depicts
magnified confocal XY projections of the area marked with an arrowhead in C; the arrow in
D indicates an astrocyte with hypertrophic morphology. E–J. GFAP-positive cells in brains
injured at E15 and sacrificed on E20 maintained the radial cell morphology on the
contralateral side and ipsilateral side distal from the injury (E and F, respectively). GFAP-
positive cells around periventricular hemorrhagic foci (G, I) and periventricular cysts (H, J)
exhibited a hypertrophic morphology. I and J depict magnified confocal XY projections of
the area marked with arrowheads in G and H, respectively. Arrows in G and H indicate
astrocytes with hypertrophic morphology. Scale bar represent 50 μm (A–C & E–H) and 10
μm D, I & J.
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Figure 9. Proliferation is activated after stab-wound brain injury at E11 but not at E15
BrdU incorporation was used to assess cell proliferation. Embryos were injured at E11 (A–
D) and E15 (E–H) and BrdU (1.6 mg/100 ml) was applied to the vitelline membrane 3h
prior to tissue harvest at E13 and E18, respectively. Tissue was then fixed, embedded,
sectioned and processed for immunocytochemistry using an anti-BrdU IgG (BD) primary
antibody and an alkaline phosphatase conjugated anti-rabbit IgG (Roche) secondary
antibody (C–D and G–H). Neighboring sections were processed for mRNA in situ
hybridization with GFAP anti-sense probes. Left panels are representative sections from the
Co (contralateral) side of the same injured Ip (ipsilateral) tectum side shown in the right
panels. Arrows indicate the VZ and the dotted lines mark the needle tracks. Scale bar:
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100μm. Bars in I represent BrdU-positive cells per square mm +/− standard error counted in
sections similar to the ones shown above, from the ipsilateral (Ip) and contralateral (Co)
sides in 3 independent animals, using Image J software. *: p<0.001 (One-way ANOVA)
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