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BDNF Protects the Neonatal Brain from Hypoxic-Ischemic Injury In

Vivo via the ERK Pathway
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Neurotrophins activate several different intracellular signaling
pathways that in some way exert neuroprotective effects. In vitro
studies of sympathetic and cerebellar granule neurons have
demonstrated that the survival effects of neurotrophins can be
mediated via activation of the phosphatidylinositol 3-kinase (PI3-
kinase) pathway. Neurotrophin-mediated protection of other neu-
ronal types in vitro can be mediated via the extracellular signal-
related protein kinase (ERK) pathway. Whether either of these
pathways contributes to the neuroprotective effects of neurotro-
phins in the brain in vivo has not been determined. Brain-derived
neurotrophic factor (BDNF) is markedly neuroprotective against
neonatal hypoxic-ischemic (H-I) brain injury in vivo. We assessed
the role of the ERK and PI3-kinase pathways in neonatal H-I brain

injury in the presence and absence of BDNF. Intracerebroventric-
ular administration of BDNF to postnatal day 7 rats resulted in
phosphorylation of ERK1/2 and the PI3-kinase substrate AKT
within minutes. Effects were greater on ERK activation and oc-
curred in neurons. Pharmacological inhibition of ERK, but not the
PI3-kinase pathway, inhibited the ability of BDNF to block H-I-
induced caspase-3 activation and tissue loss. These findings
suggest that neuronal ERK activation in the neonatal brain me-
diates neuroprotection against H-1 brain injury, a model of cere-
bral palsy.
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Neuronal dysfunction and loss contribute to a variety of acute as
well as chronic diseases of the brain. Understanding the mecha-
nisms underlying neuronal cell death and the means by which it can
be prevented may lead to better treatments. The neurotrophins
(NTs), including nerve growth factor (NGF), brain-derived neu-
rotrophic factor (BDNF), NT-3, and NT-4/5, make up a family of
neurotrophic factors that are important regulators of naturally
occurring cell death in the peripheral nervous system (PNS) (Chao,
1992; Snider, 1994) and also regulate neuronal development and
maturation in the CNS (Chen et al., 1997; Fagan et al., 1997;
Martinez et al., 1998). Survival-promoting effects of neurotrophins
are elicited by activation of different intracellular signaling cas-
cades including the phosphatidylinositol 3-kinase (PI3-kinase) and
the extracellular signal-related kinase (ERK) pathways. In several
neuronal cell types in vitro, the PI3-kinase pathway appears to
mediate the protective effects of growth factors. NGF-mediated
activation of the PI3-kinase pathway appears to be required for
survival effects in pheochromocytoma 12 (PC12) (Yao and Cooper,
1995) and superior cervical ganglion neurons (Crowder and Free-
man, 1998), whereas activation of PI3-kinase by BDNF in mo-
toneurons (Dolcet et al., 1999) and insulin-like growth factor-1 in
cerebellar granule neurons, oligodendrocytes, and PC12 cells also
appears to be important for survival (Vemuri and McMorris, 1996;
D’Mello et al., 1997; Miller et al., 1997; Parrizas et al., 1997).
Although PI3-kinase is clearly important for growth factor-
mediated neuronal survival in certain cells and conditions, in other
neuronal cell types and under different conditions, growth factor-
mediated activation of the ERK-signaling pathway appears to me-
diate survival effects. For example, ERK activation can promote
PCI12 survival (Xia et al, 1995) and is involved in survival-
promoting effects of BDNF on retinal ganglion and cerebellar
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granule neurons (Meyer-Franke et al., 1998; Bonni et al., 1999). A
study also demonstrates that BDNF neuroprotection of cortical
neurons can be mediated via the ERK or PI3-kinase pathway
depending on the injurious stimulus (Hetman et al., 1999). Thus,
growth factor-mediated protection of neurons may be via different
pathways depending on factors such as cell type, culture conditions,
and the injurious stimulus. Whether growth factor-stimulated ac-
tivation of the ERK or the PI3-kinase pathways is required for
neuronal protection in the CNS in vivo has not been studied.
The hypoxic-ischemic (H-I) encephalopathy in survivors of peri-
natal asphyxia is a major contributor to morbidity and mortality
(Vanucci, 1990; Volpe, 1995; Taylor et al., 1999). A well character-
ized model of neonatal H-I injury is one in which unilateral carotid
ligation in postnatal day 7 (P7) rats is followed by exposure to
hypoxia (Levine, 1960). This results in reproducible brain injury
ipsilateral but not contralateral to the carotid ligation (Rice et al.,
1981; Johnston, 1983). Using this model, our previous studies have
demonstrated that BDNF is markedly neuroprotective (Cheng et
al., 1997; Han et al., 2000). Herein, we address whether the ERK
and PI3-kinase pathways are activated by BDNF in vivo and
whether either is required for BDNF’s neuroprotective effects.

MATERIALS AND METHODS

Animals and surgical procedures. Newborn Sprague Dawley rats (dam plus
12 pups per litter) were obtained from Sasco Breeders when the pups were
3-4 d of age. The pups were housed with the dam in the home cage under
a 12:12 hr light/dark cycle, with food and water available ad libitum
throughout the study. The neonatal H-I brain injury is based on the Levine
procedure (Levine, 1960; Rice et al., 1981; Gidday et al., 1994; Cheng et
al., 1997). Briefly, pups at P7 were anesthetized with 2.5% halothane
(balance, room air), and the left common carotid artery was surgically
exposed and permanently ligated. The incisions were sutured, and the pups
were returned to the dam for a 2 hr recovery and feeding period. Pups were
then placed in individual containers (37°C water bath to maintain normo-
thermia) through which humidified 8% oxygen (balance, nitrogen) flowed
for the next 2.5 hr. After completion of the H-I, the pups were returned to
their home cage with dam and littermates.

Intracerebroventricular injection of BDNF and protein kinase inhibitors. To
determine whether intracerebroventricular (ICV) injection of BDNF ac-
tivates the ERK and PI3-kinase pathways in the neonatal brain, P7 rats
received an ICV injection of a 5 ul solution containing either vehicle
(VEH; PBS, pH 7.4) or BDNF (5 pg in vehicle) into the left hemisphere
as described previously (Cheng et al., 1997). Injections were performed
with a Hamilton syringe with a 27 gauge needle. The location of each
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injection was 2 mm rostral, 1.5 mm lateral to bregma, and 2 mm deep to the
skull surface. Recombinant human BDNF was a gift of Dr. Qiao Yan
(Amgen, Thousand Oaks, CA).

An MEK1/2 inhibitor, U0126, and a PI3-kinase inhibitor, wortmannin,
were purchased from Calbiochem (La Jolla, CA) and dissolved in DMSO.
To determine whether these protein kinase inhibitors were able to block
the activation of the ERK1/2 and AKT pathways induced by BDNF in vivo,
P7 pups were ICV injected with a 5 ul solution containing VEH (1 ul of
DMSO and 4 ul of PBS, pH 7.4), U0126, or wortmannin, 2 mm rostral, 1.5
mm lateral, and 2 mm deep to the skull surface. Thirty minutes later, pups
received a second ICV injection of VEH (5 ul of PBS, pH 7.4) or BDNF
(5 mg/animal in 5 ul of PBS). At different time points after BDNF
treatment, pups were anesthetized with 150 mg/kg pentobarbital intraperi-
toneally, perfused through the left ventricle with PBS, pH 7.4, and brain
tissues from the hippocampus and parietal cortex were dissected. Brain
tissues were then immediately frozen in dry ice and stored at —70°C.

Immunofluorescent labeling. Rat pups were anesthetized with 150 mg/kg
pentobarbital intraperitoneally and then perfused through the left ventri-
cle with PBS, pH 7.4. Brains were then post-fixed overnight in 4% para-
formaldehyde in 0.1 M phosphate buffer at 4°C, cryoprotected in 30% (w/v)
sucrose in 0.1 M phosphate buffer, pH 7.4 (4°C), frozen in powdered dry
ice, and stored at —70°C. Serial (40 um) coronal sections were cut on a
freezing sliding microtome.

Forty micrometer free-floating sections through the forebrain were
processed for immunofluorescent labeling as described previously (Han et
al., 2000). Tissue sections were blocked with 3% goat serum in TBS and
incubated overnight with mouse anti-neuronal nuclei (1:100) antibody
(NeuN; Chemicon, Temecula, CA) and anti-phospho-ERK1/2 antibody
(1:250; New England Biolabs, Beverly, MA). After washing, secondary
antibodies conjugated to the fluorescent markers Alexa-488 and Alexa-568
(Molecular Probes, Eugene, OR) were applied to sections for 1 hr. Sections
were then washed, mounted on slides, coverslipped with Vectashield
mounting media (Vector Laboratories, Burlingame, CA), and examined
with a Nikon (Melville, NY) FXL fluorescence microscope.

Western blotting. Tissue samples from the hippocampus and cortex were
lysed by homogenizing in 300 ul of lysis buffer containing 10 mm HEPES,
pH 7.4, 5 mm MgCl,, 1 mm DTT, 1% Triton X-100, 2 mm EGTA, 2 mm
EDTA, 25 mm B-glycerophosphate, 0.1 mm okadaic acid, 0.5 mm sodium
orthovanadate, 1 mm PMSF, and protease inhibitor cocktail (Boehringer
Mannheim, Indianapolis, IN). Lysates were centrifuged at 12,000 X g for
10 min at 4°C, and the protein concentration was determined by a BCA
protein assay kit (Pierce, Rockford, IL). Protein samples (50 pg per lane)
diluted in SDS-PAGE sample buffer (50 mm Tris-HCI, pH 6.8, 100 mm
DTT, 2% SDS, 0.1% bromphenol blue, and 10% glycerol) were boiled for
10 min, electrophoresed on a 12.5% SDS-polyacrylamide gel, and trans-
ferred to a nitrocellulose membrane (Bio-Rad, Hercules, CA). Blots were
blocked with 3% dried milk in TBS containing 0.05% Tween 20 overnight.
Blots were then incubated for 2-3 hr with the following antibodies: anti-
phospho-ERK1/2 antibody (1:2000), anti-ERK1/2 antibody (1:3000), anti-
phospho-AKT antibody (1:1000), and anti-AKT antibody (1:1000) that
were purchased from New England Biolabs. Proteins were visualized with
enhanced chemiluminescence (Amersham, Arlington Heights, IL) using a
previously described procedure (Han et al., 2000).

Asp-Glu-Val-Asp-(7-amino-4-methylcoumarin) cleavage assay. P7 pups
were ICV injected with protein kinase inhibitors with or without BDNF as
described above before the carotid artery ligation and exposure to 8%
oxygen for 2.5 hr. Twenty-four hours after H-I, tissues from the hippocam-
pus and cortex in both lesioned and unlesioned hemispheres were rapidly
dissected and frozen in dry ice. The Asp-Glu-Val-Asp-(7-amino-4-
methylcoumarin) (DEVD-AMC) cleavage assay was performed as de-
scribed previously (Han et al., 2000). Tissue samples were homogenized in
lysis buffer (10 mm HEPES, pH 7.4, 5 mm MgCl,, 1 mm DTT, 1% Triton
X-100, 2 mm EGTA, 2 mm EDTA, 1 mm PMSF, and protease inhibitor
cocktail) and centrifuged at 12,000 X g for 10 min at 4°C. Tissue lysates (10
wul) were incubated in a 96-well plate with 90 ul of assay buffer (10 mm
HEPES, pH 7.4, 42 mm KCI, 5 mm MgCl,, 1 mm DTT, and 10% sucrose)
containing 30 uMm acetyl-DEVD-AMC (Calbiochem). The emitted fluo-
rescence was measured every 5 min for 30 min at room temperature at an
excitation wavelength of 360 nm and an emission wavelength of 460 nm
using a microplate fluorescence reader (Bio-Tek Instruments, Winooski,
VT). DEVD-AMC cleavage activity was obtained from the slope by
plotting fluorescence units against time. Acetyl-AMC (Calbiochem) was
used to obtain a standard curve, and the enzyme activity was calculated as
picomoles of AMC per milligram of protein per minute.

Assessment of brain damage caused by H-I. One week after H-I, brain
sections were prepared as described above, and damage caused by H-I was
determined by calculating the amount of surviving tissue in coronal sec-
tions as described previously (Cheng et al., 1998; Han et al., 2000). Briefly,
coronal sections from the genu of the corpus callosum to the end of the
dorsal hippocampus were stained with cresyl violet. The cross-sectional
areas of the striatum, cortex, and hippocampus in each of eight equally
spaced reference planes were assessed with the NIH Image analysis system
(version 1.57) linked to a Nikon microscope. The sections corresponded
approximately to plates 12, 15, 17, 20, 23, 28, 31, and 34 in a rat brain atlas
(Paxinos and Watson, 1986). The total cross-sectional area in each brain
region was then calculated in all sections assessed, and the percent area
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Figure 1. BDNF increases phosphorylation of ERK1/2 and AKT in the
neonatal brain. P7 rat pups received an ICV injection of vehicle (PBS) or
BDNF (5 pg in PBS). Brain tissues from the hippocampus (A4) and cortex
(B) were dissected at the various times indicated and lysed. Proteins were
separated by 12.5% SDS-PAGE and transferred to nitrocellulose mem-
branes. Immunoblotting was first performed with an anti-phospho-ERK1/2
antibody; blots were stripped and reprobed with anti-phospho-AKT, anti-
ERKI1/2, and anti-AKT antibodies. On the right in A and B, p44 corresponds
to ERK1, and p42 corresponds to ERK2. Similar results were found in four
independent experiments.

loss in the lesioned versus the unlesioned hemisphere was determined for
each animal.

RESULTS

BDNF activates the ERK and PI3-kinase pathways in the
neonatal brain

Previous in vitro studies have shown that neurotrophins such as
BDNF can activate both the ERK and PI3-kinase pathways in
responsive cells (Dudek et al., 1997; Qiu et al., 1998; Bonni et al.,
1999; Dolcet et al., 1999; Encinas et al., 1999; Hetman et al., 1999).
We asked whether BDNF activated these pathways in the neonatal
rat brain in vivo. ICV injection of BDNF (5 ug) resulted in
activation of both the ERK and PI3-kinase pathways as assessed in
the hemisphere ipsilateral to the injection (Fig. 1). The phosphor-
ylation of both ERK1/2 (p-ERK1/2) as well as the serine—threonine
protein kinase AKT (p-AKT) was increased by 30 min after ICV
injection, with prolonged activation lasting up to at least 12 hr after
a single ICV injection. Effects of the ERK pathway are mediated
via phosphorylation of ERK1/2, and those of the PI3-kinase acti-
vation are often mediated by phosphorylation of AKT (also known
as PKB or RAC), one of its immediately downstream protein
kinase effectors (Dudek et al., 1997; Kaufmann-Zeh et al., 1997).
Similar effects of BDNF on p-ERK1/2 and p-AKT were seen in
both the cortex (Fig. 1B) and hippocampus (Fig. 14) with a greater
percent increase over baseline for p-ERK1/2 than for p-AKT.
Despite the BDN F-stimulated increases in p-ERK1/2 and p-AKT,
there was no change in total ERK or AKT (Fig. 1). Because the
BDNEF receptor trkB has been shown to be localized to neurons
(Klein et al., 1989, 1990), we suspected that the effect of BDNF on
these intracellular signaling pathways was caused by a direct effect
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on cortical and hippocampal neurons. Indeed BDNF treatment
increased p-ERK1/2-immunoreactivity (-IR) in neurons (Fig. 2).
p-ERK1/2-IR was detectable at low levels in neuronal cell pro-
cesses at baseline with no obvious staining of neuronal cell bodies
or nuclei. However, 2 hr after ICV BDNF treatment, p-ERK1/2-IR
was present in neuronal processes, cell bodies, and nuclei within
neurons (NeuN-positive cells) throughout all layers of the cortex
and hippocampus (Fig. 2). There was no apparent change in
p-ERK1/2 staining of astrocytes or oligodendrocytes after BDNF
treatment (data not shown).

BDNF neuroprotection appears to be mediated via the
ERK pathway

Our previous studies have demonstrated that BDNF is strongly
neuroprotective against H-I-induced injury to the developing rat
brain (Cheng et al., 1997; Han et al., 2000). Thus, we were inter-
ested in determining which BDNF-stimulated intracellular signal-
ing pathway was responsible for BDNF’s neuroprotective effects.
We first sought to determine whether we could inhibit the increase
in p-ERK1/2 after BDNF stimulation. PD98059 and U0216 are
selective inhibitors of ERK1/2 kinase (M AP kinase kinase, MEK1,
and MEK2) (Dudley et al., 1995; Favata et al., 1998). We pursued
our in vivo studies with U0216 because it is 100X more potent than
PD98059 and does not have problems with solubility that we have
found to occur at concentrations of PD98059 >50 um in aqueous
solutions. We found that a single ICV injection of as little as 1 nmol
of U0216 was able to inhibit markedly the increase in p-ERK1/2
resulting from a single ICV injection of BDNF (Fig. 3). In contrast,
U0126 did not block the ability of BDNF to increase p-AKT (Fig.
3). We then asked whether U0126 would block BDNF’s neuropro-
tective effects against H-I.

We used a well characterized model of neonatal H-I in which P7
rats undergo unilateral (left) carotid ligation followed by exposure
to 2.5 hr of hypoxia (8% oxygen) as described previously (Rice et
al., 1981; Cheng et al., 1997, 1998). This treatment results in robust
brain injury to the cortex, hippocampus, striatum, and thalamus
ipsilateral but not contralateral to the side of the carotid ligation. A
component of the neuronal death in this model is caspase depen-
dent (Cheng et al., 1998), and BDNF is particularly effective at
blocking caspase-3-like activation (Han et al., 2000). This ability
correlates well with BDNF’s overall neuroprotective effects (Han
et al., 2000). P7 rats were treated with either VEH, U0126, BDNF,
or both U0126 and BDNF just before left carotid ligation and
hypoxia. In addition, one group of animals received U0126 alone
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Figure 2. BDNF induces phosphorylation of ERK1/2
in neurons. Brain sections were prepared from P7 rats
30 min after an ICV injection of either vehicle (4, C) or
BDNF (B, D) (n = 3/group). Brain sections from the
hippocampus (4, B) and cortex (C, D) were labeled with
anti-neuronal nucleus antibody NeuN (red) and anti-
phospho-ERK1/2 antibody specific to the phosphory-
lated form of ERK1/2 (green). Arrows in B and D
indicate yellow cells in which NeuN and p-ERK1/2 are
colocalized. Scale bar, 20 pwm.
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Figure 3. U0126 blocks BDN F-mediated ERK1/2 phosphorylation in vivo.
P7 rats were ICV injected with vehicle (1 ul of DMSO in 4 ul of PBS) or
U0126 (0.2 or 1 nmol/animal) 20 min before receiving an ICV injection of
vehicle or BDNF (5 pg/animal) as indicated. Cortical tissues prepared 1 hr
after the injection were lysed, and proteins (50 ug/lane) were separated by
SDS-PAGE and subjected to immunoblotting with an anti-phospho-
ERKI1/2 antibody specific to phosphorylated ERK1/2. Blots were stripped
and subsequently reprobed with anti-ERK, anti-phospho-AKT, and anti-
AKT. Data shown are representative of six independent experiments.

and was not subjected to H-I. As shown previously (Cheng et al.,
1998; Han et al., 2000), there was a large increase in caspase-3-like
activity observed ipsilateral but not contralateral to the carotid
ligation followed by hypoxia in P7 pups treated with VEH (Fig. 4).
Administration of U0126 followed by H-I did not result in signifi-
cantly more caspase-3-like activity than did VEH treatment. This
suggests that endogenous ERK activity is not contributing to H-I-
induced injury in this neonatal model. In agreement with previous
experiments (Han et al., 2000), ICV BDNF treatment virtually
abolished the increase in caspase-3-like activity induced by H-I
(Fig. 4). Interestingly U0126 significantly attenuated the ability of
BDNF to block caspase-3-like activity in both the hippocampus
and cortex (Fig. 4). In addition to blocking BDNF’s ability to
inhibit caspase-3 activation, U0126 also significantly inhibited
BDNF’s protection against tissue loss (Fig. 5). These results sug-
gest that BDN F’s neuroprotective effects against H-I on developing
hippocampal and cortical neurons in vivo appear to be mediated
predominantly via the ERK pathway.

BDNF activation of the PI3-kinase pathway does not
appear to mediate BDNF’s protective effects

To address further the possible role of the PI3-kinase pathway in
BDNF’s neuroprotective effects, we assessed whether we could
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Figure 4. Inhibition of the ERK1/2 pathway blocks BDN F-mediated inhi-

bition of caspase-3-like activity. P7 rats received ICV injections of vehicle
or U0126 (1 nmol/animal) followed 15 min later by an ICV injection of
vehicle or BDNF (5 pg/animal) just before the carotid ligation and expo-
sure to 2.5 hr of hypoxia. Twenty-four hours after H-I, brain tissues from
the hippocampus (A4) and cortex (B) contralateral (right) and ipsilateral
(left) to the ligation were dissected and subjected to DEVD-AMC cleavage
assay as described in Materials and Methods. Note that there is no activa-
tion of caspase-3-like activity in the group treated with U0126 without
subsequent H-I (No HI). Data represent the mean * SEM; *p < 0.05
compared with the contralateral (right) hemisphere, #p < 0.05 comparing
ipsilateral hemispheres of VEH:BDNF with that of the VEH:VEH group,
and fp < 0.05 comparing ipsilateral hemispheres from the U0126:BDNF
group with that of the VEH:BDNF group. Data were analyzed by ANOVA
and Dunn’s multiple comparison method.

block the ability of BDNF to activate the PI3-kinase pathway
without inhibiting its ability to activate the ERK pathway. We
found that the BDN F-mediated increase in p-AKT was blocked by
as little as 0.02 and 0.1 nmol of the PI3-kinase inhibitor wortmannin
given ICV just before BDNF (Fig. 64). Importantly, 0.1 nmol of
wortmannin was able to block BDNF-stimulated increases in
p-AKT over the entire 12 hr period during which p-AKT levels are
increased by BDNF (Fig. 6B8). This dose of wortmannin did not
block the ability of BDNF to increase p-ERK1/2 (Fig. 6). We then
asked whether wortmannin would block BDNF’s neuroprotective
effects. P7 rats were treated with either VEH, wortmannin, BDNF,
or both wortmannin and BDNF before carotid ligation and hyp-
oxia. In addition, one group of animals received wortmannin alone
and was not subjected to H-I. BDNF treatment again prevented the
increase in caspase-3-like activity induced by H-1 (Fig. 7). In
contrast to the effects of U0126, wortmannin had no significant
effect on the ability of BDNF to block caspase-3-like activity in
both the hippocampus and cortex (Fig. 7). ICV wortmannin given
just before H-I or in the absence of H-I had no additional effect on
caspase-3 activity. In addition to results obtained assessing caspase-
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Figure 5. Inhibition of the ERK1/2 pathway blocks BDN F-mediated neu-
roprotection against neonatal H-I. P7 rats were treated with VEH:VEH,
VEH:BDNF, or U0126:BDNF before the carotid ligation and exposure to
hypoxia for 2.5 hr. One week later, animals were killed, and brain sections
were stained with cresyl violet. 4, Examples of the degree of injury of
representative animals from each treatment group are shown. Note the
marked unilateral hemispheric tissue loss in the cortex and hippocampus in
VEH:VEH and U0126:BDNF animals, whereas there is little to no tissue
loss in the VEH:BDNF animal. B, BDNF-mediated neuroprotection was
significantly inhibited by U(0126. Regional area loss from the striatum,
hippocampus, and cortex of each group was assessed as described in
Materials and Methods. Data represent the mean = SEM; *p < 0.05
comparing VEH:BDNF with either the VEH:VEH or the U0I126:BDNF
group. Data were analyzed by ANOVA and Dunn’s multiple comparison
method.

3-like activity, we also found that wortmannin had no significant
effect on the ability of BDNF to protect against tissue loss observed
1 week after H-I (Fig. 7C). These data suggest that BDNF activa-
tion of PI3-kinase is not the major pathway by which BDNF
protects the neonatal rat brain against H-I injury.

DISCUSSION

Since the discovery of potent survival-promoting effects of neuro-
trophic factors, there has been promise that they could be used in
the treatment of diseases of the PNS and CNS. One step toward
testing this possibility is to elucidate which factors can protect
against death and dysfunction of particular neuronal populations in
specific disease states. An important corollary is to understand
which cellular signaling cascades activated by neurotrophic factors
are responsible for their protective effects in models of relevant
diseases of the nervous system. Using inhibitors of specific intra-
cellular signaling pathways, we found that BDN F’s neuroprotective
effects in a rat model of neonatal H-I brain injury appear to be
mediated by stimulation of the ERK pathway. These findings may
have important implications in terms of understanding the cellular
signaling responsible for BDNF actions in CNS neurons in vivo as
well as for developing treatments to protect the neonatal brain
against H-I damage.

H-I injury to the prenatal and perinatal brain is a major contrib-
utor to morbidity and mortality to infants and children (Vanucci,
1990; Volpe, 1995), often leading to mental retardation, seizures,
and motor impairment (cerebral palsy). In the well studied Levine
model, H-I treatment is given to the P7 rat brain at a developmen-
tal age believed to be approximately equivalent to 32-36 weeks of
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Figure 6. BDNF-mediated AKT but not ERK1/2 phosphorylation is
blocked by wortmannin in vivo. P7 rats received ICV injections of vehicle (1
wul of DMSO in 4 ul of PBS) or wortmannin (Wort; 0.1 or 0.02 nmol/animal
in A; 0.1 nmol/animal in B) followed 15 min later by an ICV injection of
vehicle or BDNF (5 ug/animal) as indicated. Cortical tissues prepared 1 hr
after the injection in 4 or at later time points in B were lysed, and proteins
(50 pg/lane) were separated by SDS-PAGE and subjected to immunoblot-
ting with an anti-phospho-AKT antibody specific to phosphorylated AKT.
Blots were stripped and subsequently reprobed with anti-phospho-ERK1/2,
anti-ERK, and anti-AKT. Data shown are representative of four indepen-
dent experiments.

human gestation (Johnston, 1983; Vanucci, 1990). The injury re-
sulting is similar to that seen in the term human infant that has
been exposed to an H-I insult. We have found recently that BDNF
markedly protects against the H-I injury in this model, a portion of
which has features of apoptotic-like death (Ferrer et al., 1994,
Mehmet et al., 1994; Hill et al., 1995; Sidhu et al., 1997; Silverstein
et al,, 1997; Hasegawa et al., 1998; Pulera et al., 1998) and is
caspase dependent (Cheng et al., 1998; Han et al., 2000). Our
results in the present study supporting the involvement of the ERK
pathway in this protection may have important clinical implica-
tions. Theoretically, a protein such as BDNF could be adminis-
tered to a neonate at very high risk for H-I brain injury. Because
BDNF does not cross the blood—brain barrier (BBB) to an ap-
preciable extent, it would have to be given ICV. In contrast, it is
possible that neuronal stimulation of the ERK pathway by agents
permeable to the BBB will have protective effects similar to that of
BDNF. In light of this, it is interesting to note that stimulation of
neurotransmitter receptors such as muscarinic acetylcholine recep-
tors results in prolonged activation of ERK1/2 both in vitro and in
vivo (Rosenblum et al., 2000). A variety of agents such as ligands
for specific neurotransmitter receptors (Ferraguti et al., 1999; Ha-
yashi et al., 1999; Mukherjee et al., 1999; Yan et al., 1999), nitric
oxide (Yun et al.,, 1998), and estrogen (Singh et al., 1999) can
activate the neuronal ERK pathway in vitro. A search for agents
that can activate the ERK pathway or its downstream mediators in
neurons in vivo seems warranted to attempt to develop better
therapies against neonatal H-I brain injury.

Several in vitro studies have demonstrated that trophic factor
stimulation of either PI3-kinase or ERK can be the dominant
survival-promoting pathway depending on factors such as neuronal
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Figure 7. Inhibition of the AKT pathway does not block BDN F-mediated
neuroprotection against neonatal H-1. 4, B, P7 rats received ICV injections
of VEH or wortmannin (0.1 nmol/animal) followed 15 min later by ICV
injections of VEH or BDNF (5 ug/animal) before the carotid ligation and
exposure to hypoxia for 2.5 hr. Twenty-four hours after H-I, brain tissues
from the hippocampus (A4) and cortex (B) contralateral (right) and ipsilat-
eral (left) to the ligation were dissected and subjected to DEVD-AMC
cleavage assay as described in Materials and Methods. Note that there is no
activation of caspase-3-like activity in the group treated with wortmannin
without subsequent H-I. Data represent the mean = SEM; *p < 0.05
comparing VEH:VEH and Wort:VEH ipsilateral with contralateral hemi-
spheres; #p < 0.05 comparing ipsilateral hemispheres of VEH:BDNF and
Wort:BDNF with ipsilateral hemispheres of either VEH:VEH or Wort:VEH
groups. Data were analyzed by ANOVA and Dunn’s multiple comparison.
C, P7 rats were treated with Vehicle:Vehicle, Vehicle:BDNF, or Wort: BDNF
before the carotid ligation and exposure to hypoxia for 2.5 hr. One week
later, animals were killed, and brain sections were stained with cresyl violet.
The regional area loss from the striatum, hippocampus, and cortex of each
group was assessed as described in Materials and Methods. Data represent
the mean = SEM; *p < 0.05 comparing Vehicle:Vehicle with either the
Vehicle:BDNF or the Wort:BDNF group. Data were analyzed by ANOVA
and Dunn’s multiple comparison method.
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cell type as well as mode of cellular stress. A recent study by
Hetman et al. (1999) emphasizes that the stressful stimulus can
determine which pathway is dominant even within the same cell
type. It was found that, in response to serum deprivation, BDNF
mediated survival of cultured cortical neurons via the PI3-kinase
pathway. In contrast, when the same cells were treated with cam-
pothecin, a DNA synthesis inhibitor, BDNF mediated protection
via the ERK pathway. Our study emphasizes the importance of the
ERK pathway to BDNF-mediated protection not only of cortical
but also of hippocampal neurons in vivo. Furthermore, it demon-
strates that intracellular signaling pathways that mediate neuropro-
tection in vivo cannot be predicted a priori and need to be deter-
mined as a function of both development as well as the injurious
stimulus.

Our studies address the role of the ERK pathway during devel-
opment after a specific injurious stimulus in vivo. The role of this
pathway in the setting of different CNS diseases and in the adult
brain is not clear. The ability of different neurotrophic factors to act
on neurons is often developmentally regulated (Knusel et al., 1994;
Cheng et al.,, 1997; Hata et al., 2000), and the impact of develop-
mental maturation on effects of intracellular signaling has not been
determined. Also, the mechanism and time course of neuronal
death in response to different injuries can be age dependent (Eas-
ton et al., 1997) and potentially influence the response to intracel-
lular signaling. Finally, the role of endogenous alterations in ERK
signaling after brain injury such as H-I may be quite distinct from
that caused by trophic factor stimulation. For example, a recent
study using an adult focal H-I model suggests that the ERK path-
way may contribute to damage resulting from focal cerebral isch-
emia (Alessandro et al., 1999). In our study, we found that admin-
istration of the ERK pathway inhibitor U0126 alone before
neonatal H-I did not lessen brain damage. This suggests that after
an H-I stimulus to the neonatal brain, endogenous ERK signaling
does not play a major role in the ensuing injury. We have, however,
observed that ERK activation does occur in the P7 rat brain after
H-I. In contrast to the effects of BDNF, this activation occurs in
astrocytes but not in neurons (B. H. Han and D. M. Holtzman,
unpublished observations). In future studies, it will be important to
determine the cell type-specific role of ERK activation in vivo both
in the normal brain and under different disease-related conditions.

The intracellular mechanisms downstream of neuronal ERK
activation that are required for protection against injury in vivo will
be important to elucidate. The caspase-dependent component of
cell death after neonatal H-I does not peak until 12-24 hr after
injury. This suggests that there is a prolonged therapeutic window
in which effects of ERK activation on both transcription-dependent
and -independent mechanisms could influence survival. Recent
findings in cultured cerebellar granule neurons suggest that BDN F-
activated ERK signaling promotes survival via a dual mechanism
by phosphorylating and inhibiting the antiapoptotic protein BAD
and by inducing expression of prosurvival genes via the transcrip-
tion factor CRE-binding protein (CREB) (Bonni et al., 1999).
Interestingly, both of these mechanisms appear to be mediated by
a member(s) of the pp90 ribosomal S6 kinase family (Rsks). Mem-
bers of the Rsk family of protein kinases are activated by ERK
signaling (Blenis, 1993). It will be important to determine whether
effects of ERK activation on the phosphorylation of BAD and
CREB via Rsks are relevant to protective effects of neurotrophins
in vivo both in neonatal H-I as well as in other in vivo models of
brain injury.
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