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Abstract Ischemic/hypoxic brain damage induced in 7-
day-old rats was significantly attenuated in a dose-depen-
dent manner by intracerebral injection of glial cell line-
derived neurotrophic factor (GDNF; 2 or 4 pg) within 30 min
after the insult. Whereas the great majority of the vehicle-
treated animals showed massive infarction involving more
than 75% of the affected cerebral hemisphere, GDNF in-
jection resulted in aremarkable reduction in both the inci-
dence and severity of the brain damage (incidence ranging
from 76% to 93% in controlsto 34% to 64% in the 2.0-ug
group and 7% to 29% in 4.0-pg group). The induction of
immunoreactive 70-kDa heat shock protein (HSP70) in
cerebral cortical neurons was also significantly reduced
in GDNF-treated animals as compared to controls. The
mechanisms responsible for the neuroprotective effects of
GDNF remain unknown, although it has been speculated
that these may be endogeneous. The higher expression of
GDNF and its mRNA in developing brains may be one of
the factors responsible for the relative resistance to isch-
emia of fetal and neonatal as opposed to adult brains.
GDNF may possibly act by protecting against oxidative
stress or by scavenging free radicals generated during
ischemia. The results of our study strongly suggest that
GDNF may prove to be an effective and potent protective
agent against perinatal ischemic/hypoxic encephal opathy.
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Introduction

Perinatal ischemic/hypoxic encephal opathy, afrequent se-
quel to perinatal asphyxia, is one of the major causes of
childhood neurological disability [37, 38]. No effective
means of treatment are as yet available. However, recent
progress in our understanding of the pathophysiological
factors involved in ischemia/lhypoxia-induced neuronal
death has suggested new approaches toward prevention of
and/or rescue from ischemia-induced brain damage.

Interest has heightened in recent years in the use of
neurotrophic factors to provide protection against neuro-
toxic or axotomy-induced injuries [3, 4, 8, 13, 28, 31, 36,
39]. Neurotrophic factors have been shown to play anim-
portant role in the development and maintenance of spe-
cific populations of neurons in the central and peripheral
nervous system. These include nerve growth factor, brain-
derived neurotrophic factor (BDNF), glia cell line-derived
neurotrophic factor (GDNF), insulin-like growth factor, ba-
sic fibroblast growth factor (bFGF), transforming growth
factor-B3, neurotrophin-3 (NT-3), NT-4/5 and NT-6 [15,
19, 23, 42].

GDNF is a potent peptide neurotrophic factor that has
been purified and cloned based on its ability to protect and
rescue dopaminergic neurons [26]. Since its discovery,
abundant evidence has accumulated to demonstrate its neu-
roprotective effects against neurotoxic injury to dopamin-
ergic neurons in various experimental paradigms [7, 9,
12-15]. In addition, GDNF has been shown to provide
protection for nondopaminergic systems, including motor
neurons [16, 29, 41] and peripheral ganglia[5].

A diversity of functional roles for GDNF has been sug-
gested from findings indicating the widespread expression
of GDNF [20] and GDNF mRNA [33-35] in neuronal and
non-neuronal cells throughout all regions of the develop-
ing rat brain. An apparent developmental shift in GDNF
expression further suggested that GDNF may be of criti-
cal importance at different developmental stages not only
for normal brain growth and differentiation but also for
the rescue and repair of injured neurons.
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The purpose of this study was to examine the effects of
GDNF in ischemia/lhypoxia-induced brain injury. Al-
though the neuroprotective effects of GDNF against isch-
emia-induced brain damage in adult rats have been de-
scribed previously [40], there are significant differences
in normal biology and in vulnerability to ischemic/hy-
poxic injury in the developing brain.

Materials and methods

This study was approved by the Animal Research Committee of
Miyazaki Medical college. Pregnant Wistar rats were purchased
from Japan Charles River (Shizuoka, Japan).

On postnatal day 7, littermates were assigned to one of three
groups: GDNF 2 pg (n = 14), GDNF 4 g (n = 14) and vehicle
[phosphate-buffered saline (PBS) pH 7.40] (n = 14). Each pup was
subjected to a modified Levine procedure for producing hypoxic/
ischemic injury [25, 30]. Briefly, pups were anesthetized with ether
and the left carotid artery was sectioned between double ligatures
with 4-0 surgical silk. The pups were allowed to recover for 1-2 h
and then exposed to 2 h of hypoxiain a plastic container that was
perfused with a mixture of humidified 8% oxygen balanced with
nitrogen. The temperature inside the container was kept at 33°C,
the usual temperature to which rat pups are exposed when hud-
dling with the mother [27].

Within thirty minutes after removal from the hypoxic chamber,
pups received 5-pl intracerebral injections of either vehicle (PBS)
or 2 or 4 ug GDNF dissolved in PBS. Injection was performed
with a 10-ul Hamilton syringe and a 27-gauge needle. The injec-
tion site was 2.0 mm anterior and 1.5 mm lateral to the lambda,
and 1.0 mm deep to the skull surface. Recombinant rat GDNF was
purchased from R&D Systems (512-GF, Minneapolis, MN).

One week after the ischemic/hypoxic insult, animals were
anesthetized and killed, and the brains removed and fixed in
ethanol-acetic acid (19: 1) for 24 h. Coronal brain slices cut 2 and
6 mm anterior to the interaural line and containing the striatum and
dorsal hippocampus, respectively, were embedded in paraffin.
Sections for light microscopy were cut at 5-8 pm and stained with
hematoxylin and eosin. Adjacent sections were processed for glia
fibrillary acidic protein (GFAP) immunocytochemistry. Selected
samples were aso processed for immunocytochemical staining for
terminal deoxynucleotidyl transferase-catalyzed dUTP-biotin nick
labeling (TUNEL).

In another series, 7-day-old rats were used to assess expression
of immunoreactive 70-kDa heat shock protein (HSP70) in brains
of control (vehicle, n = 5) and experimental (4.0 pg GDNF, n =5)
groups 24 h after induction of ischemic/hypoxic brain damage.

Ischemic/hypoxic damage induced in the parietal and frontal
cortices, CA1, CA3 and the dentate gyrus of the hippocampus, the
striatum and the thalamus was evaluated microscopically in coded
sections by different investigators, according to an arbitrary scale
of severity, as described previously [30]: none, no damage; mild,
25% or less of the surface areain a single section; moderate, more
than 25% but less than 50%; and severe, more than 50%.

Camera lucida drawings of each brain section from every ani-
mal were scanned using a Hewlett-Packard Scanner, and the
scanned images were saved in a picture file and imported into an
NIH-image software program. The damaged area in each section
was outlined planimetrically and measured by counting the num-
ber of enclosed pixels and expressing the count as a percentage of
total hemispheric area.

Nonparametric statistics were used for statistical analyses since
data were not normally distributed. The Mann-Whitney rank sum
test was used to compare groups.

Results

No animals were lost during surgery, hypoxic stress or re-
covery phase. No significant differences were observed in
weight gain among the three groups of experimental ani-
mals (Table 1). As shown in Table 2, the great majority of
the vehicle-treated animals demonstrated massive infarc-
tion involving more than 75% of the cerebral cortex of the
injured hemisphere. Complete necrosis with tissue break-
down and cavitation was the common outcome in both
frontal and parietal lobes (Fig. 1). Coagulated necrotic cel-
[ular debris mixed with scattered macrophages filled the
cavities. Often, eosinophilic ischemic neurons were iden-
tified singly or in clusters within the cerebral cortical plate
adjacent to necrotic areas. Pyramidal neurons in the CA1
and CA3 regions of the hippocampus showed various de-
grees of ischemic neuronal damage. Granular neurons of

Table 1 Weight gains in experimental groups (GDNF glial cell
line-derived neurotrophic factor)

Postnatal day ~ Vehicle 2 ug GDNF 4 ug GDNF
mean = SEM
7 13.8+ 0.3 136+ 0.3 140+ 04
14 21.6+0.7 239+11 232+0.7

Table 2 Number of animals with histological grading of damage
following ischemic/hypoxic insults: none, no damage; mild, 25%
or less of surface area on a single section; moderate, more than
25% but less than 50%; severe, more than 50%. The incidence of
damage was significantly decreased (P < 0.05) in both the 2 pg
and 4 ug groups as compared to controls

None Mild Moderate Severe
Vehicle (n = 14)
Parietal cortex 2 1 2 9
Frontal cortex 2 0 3 9
Hippocampus CA1 2 0 2 10
Hippocampus CA3 1 1 1 11
Hippocampus Dentate 3 2 2 7
Thalamus 2 1 4 7
Striatum 1 2 3 8
2 ug GDNF (n = 14)
Parietal cortex 7 1 2 4
Frontal cortex 6 1 3 4
Hippocampus CA1 6 2 1 5
Hippocampus CA3 5 0 1 8
Hippocampus Dentate 10 2 2 0
Thalamus 7 4 3 0
Striatum 7 0 1 6
4 pg GDNF (n = 14)
Parietal cortex 11 0 1 2
Frontal cortex 12 2 0 0
Hippocampus CA1 11 0 2 1
Hippocampus CA3 10 0 1 3
Hippocampus Dentate 13 1 0 0
Thalamus 12 2 0 0
Striatum 11 0 2 1
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Fig.1 Photomicrograph showing massive infarction (arrow) in
the parietal cortex of a control animal. An arrowhead points to
ischemic necrosis involving the thalamus (T). The hippocampus
(H) also shows ischemic necrosis. H&E, x 12.5

Fig.2 Photomicrograph showing infarction (arrow) in the parietal
lobe of animal treated with 2 ug GDNF. Note the significant re-
duction in the size of infarction as compared to that in the control
(GDNF glial cell line-derived neurotrophic factor). H&E, x 12.5

Fig.3 Photomicrograph showing what appeared to be relatively
normal cerebral cortex in the 4-ug GDNF group. However, closer
examination revealed the presence of scattered eosinophilic neu-
rons in the deeper layers of the cortex, as indicated by an asterisk.
H&E, x 12.5

Fig.4 a High magnification of the area indicated by the asterisk
in Fig. 3, showing the presence of scattered ischemic neurons (small
arrows) in the deeper layers of the cortex as outlined; 4-pug GDNF
group. b Higher magnification of a, showing the presence of isch-
emic neurons (arrows) in the deeper layers of the cortex; 4-ug
GDNF group. ¢ Photomicrograph of section adjacent to a, showing
clusters of GFAP-positive reactive astroglial cells occupying the
deeper layers of the cerebral cortical plate, indicating the presence
of ischemic damage; 4-pg GDNF group, immunoperoxidase stain-
ing. a, ¢ x 20; b x 100
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the dentate gyrus also demonstrated diffuse and focal neu-
ronal degeneration. The striatum and thalamus were the
seat of focal infarcts mostly confined dorsally and later-
aly (Fig.1).

Histologically, degenerating neurons were character-
ized by shrinkage and eosinophilia of the cytoplasm and
pyknosis of the nuclel. In addition to karyorrhexis, frag-
mentation of the nuclear chromatin suggestive of apopto-
siswas frequently observed among degenerating neuronal
nuclei. TUNEL staining was positive in many. A signifi-
cant reduction in the number of cells showing TUNEL
staining-positive nuclei was noted among GDNF-treated
animals (not shown). Prominent GFAP immunoreactivity
indicative of astroglial reactivity was observed in dam-
aged areas within the cortex and subcortical regions (see
Fig.4c).

GDNF injection resulted in a marked reduction in both
the incidence and severity of ischemic/hypoxic brain
damage in a dose-dependent manner (Table 2). In the ve-
hicle-treated group, the incidence of ischemic/hypoxic
damage in each selected brain region ranged from 76% to

93%, whereas the incidence decreased to 34-64% in the
2-ug group (P < 0.05) and, even more dramaticaly, to
7-29% in the 4-pg group.

Although infarcts varying from mild to severe grades
were still present in the 2-pg group (Fig. 2), there was a
significant reduction in the incidence of severe damage
and a striking increase in the number of animals showing
no apparent histological evidence of damage, as compared
to those in the vehicle-treated group (Table 2). A com-
monly observed feature in the 4-ug group was what ap-
peared to be relatively normal histological appearance of
the cerebral cortex (Fig.3) except for the presence of a
small number of scattered eosinophilic neurons in the 4th
and 5th layers of the cerebral cortex, which upon closer
examination showed ischemic/hypoxic damage (Figs.4a,
4b). In many animals, clusters of GFAP-positive reactive
astrocytes in the neural parenchyma indicated the pres-
ence of ischemic/hypoxic injury (Fig.4c).

The highly significant and dose-dependent reduction
of infarct size in GDNF-treated animals as compared to
that of the vehicle-treated groups is demonstrated in Fig. 7.

Fig.5 a HSP70 expression among cortical neurons in infarcted
cortex of the control group. Note discretely immunoreactive cortical
neurons (arrows) diffusely scattered in the cortical plate. b HSP70
expression among cortical neurons in the GDNF-treated group.
Note the highly significant reduction in HSP expression (arrows)
(HSP70 70-kDa hesat shock protein). a, b Immunoperoxidase stain-
ing, x 20

Fig.6 a HSP70 expression in the hippocampus of control group.
The asterisk is placed in the hilar region of the hippocampus. Note
HSP70 immunoreactivity is discrete among pyramidal neurons.
b HSP70 expression in the hippocampus of a GDNF-treated ani-
mal, showing no immunoreactivity. The asterisk is placed in the
hilar region. a, b Immunoperoxidase staining, x 20



In the vehicle-treated group the damaged area occupied
41.3 £ 2.8% of thetotal hemispheric areaon that side. The
percentage decreased highly significantly to 13.4 + 3.6%
(P < 0.05) and 1.2 £ 0.8% (P < 0.05) in the GDNF 2-ug
and GDNF 4-pg groups, respectively.

Immunoreactivity for HSP70 was prominently and dif-
fusely noted among cortical as well as hippocampal neu-
rons in all of the vehicle-treated animals (Figs.5a, 6a),
whereas that in GDNF-treated animals was limited to
cerebral cortical neurons adjacent to injection site (Fig.5b).
Hippocampal neurons in GDNF-treated animals showed
no immunoreactivity for HSP70 at 24 h after the ischemic/
hypoxic insults (Fig.6b).

Discussion

The results of our study clearly show that GDNF provides
remarkable protection against ischemia/hypoxia-induced
brain damage in neonatal rats in a dose-dependent man-
ner. Such protection was obtained by intracerebral injec-
tion of GDNF within 30 min after the insult. Whereas the
great majority of animals in the vehicle (control) group
demonstrated the presence of massive infarction involving
a major portion of the affected hemisphere, GDNF-
treated animals showed a highly significant reduction in
both the incidence and severity of damage. Animals treated
with 4.0 pg GDNF often showed what appeared to be nor-
mal histological patterning of the cerebral cortex except for
the presence, on closer examination, of scattered eosino-
philic neurons within the deeper layers of the cortex asso-
ciated with clustering of GFAP-positive astroglial cells
(Fig.4).

The mechanisms responsible for the neuroprotective
effects of GDNF remain to be elucidated. It has been
speculated that the greater expression of GDNF [20] and
its MRNA [34, 35] in developing brains may be one of the
factors responsible for the relative resistance of fetal and
neonatal brains as compared to adult brains [10, 40]. Up-
regulation of GDNF mRNA in rat brains occurs following
various types of injury [17, 18]. Therefore, GDNF may
exert its effects through endogeneous neuroprotective
mechanisms. Undoubtedly, determination of the localiza-
tion and expression of GDNF and its receptor components
[6, 21, 22] is critical not only for an understanding of the
functions of GDNF in vivo but also for identification of
cells and tissues that preferentially respond to GDNF and
its related family of neurotrophic factors.

It has been suggested that GDNF may provide protec-
tion against oxidative stress [15]. Nitric oxide (NO) levels
rise during ischemia and reperfusion [32], and inhibition
of NO synthesis reduces ischemia/hypoxia-induced brain
damage [43]. NO also mediates glutamatergic neurotoxicity
during brain ischemia, and administration of N-methyl-p-
aspartate antagonists reduces both NO synthase activity
and the severity of infarction [11]. Apparently, GDNF ad-
ministration completely blocks the increase in NO that ac-
companies middle cerebral artery occlusion in adult rats
[40]. Therefore, GDNF may have the capacity to scavenge
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Fig.7 Comparison of infarct size. Camera Lucidatracings of each
brain section from every animal were scanned. The damaged area
was outlined planimetrically in each section, and measured by
counting the number of enclosed pixels. The data are expressed as
a percentage of the total area of the involved hemisphere

free radicals generated during ischemic injury in the
brain.

In contrast to prominent and diffuse expression of
HSP70 in cortical and hippocampal neurons in the af-
fected cerebral hemisphere of the vehicle-treated animals,
GDNF-treated animals demonstrated only limited HSP70
expression among neurons near the needle tract and no
HSP70 immunoreactivity among hippocampal neurons.
Since HSP is induced, in part, by denatured proteins pro-
duced in response to stressful conditions including isch-
emia, it is possible that GDNF may exert its effects by
modulating degenerative processes induced by ischemic/
hypoxic damage.

Marked age-dependent neuroprotection against hypoxic/
ischemic brain damage has also been observed with BDNF
[8]. Although the mechanisms remain unknown, it has been
suggested that BDNF may act through intracellular media-
tors (such as bcl-2) that play arole in apoptotic cell death
[2]. bFGF is another neurotrophic factor that has been
shown to protect against ischemic brain damage and, ap-
parently, bFGF increases the activities of free-radical-
scavenging enzymes, including superoxide dismutase and
glutathione reductase [4].

As stated earlier, GDNF pretreatment has also been re-
ported to diminish the volume and extent of infarction sig-
nificantly following middle cerebral artery occlusion in
adult rats [40]. Significant amelioration of cerebral edema
induced by transient middle cerebral artery occlusion has
also been reported following topical application of GDNF
to the brain surface in adult rats [1]. These findings, taken
together, suggest that GDNF may prove to be an effective
and potent protective agent against perinatal ischemic/hy-
poxic encephal opathy.
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