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In the Newborn Hippocampus, Neurotrophin-Dependent
Survival Requires Spontaneous Activity and Integrin
Signaling
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The nervous system develops through a program that first produces neurons in excess and then eliminates as many as half in a specific
period of early postnatal life. Neurotrophins are widely thought to regulate neuronal survival, but this role has not been clearly defined in
the CNS. Here we show that neurotrophins promote survival of young neurons by promoting spontaneous activity. Survival of hippocam-
pal neurons in neonatal rat requires spontaneous activity that depends on the excitatory action of GABA. Neurotrophins facilitate
recruitment of cultured neurons into active networks, and it is this activity, combined with integrin receptor signaling, that controls
neuronal survival. In vivo, neurotrophins require integrin signaling to control neuron number. These data are the first to link the early
excitatory action of GABA to the developmental death period and to assign an essential role for activity in neurotrophin-mediated
survival that establishes appropriate networks.

Introduction
The importance of cell death in the development of the nervous
system was revealed by pioneering work in the periphery showing
that the size of the target (muscle) regulates the number of motor
neurons. Nerve growth factor (NGF) was shown to control neu-
ronal differentiation and survival in the PNS (Levi-Montalcini,
1987). These findings led to the influential idea that neurons are
produced in excess, and that an activity-dependent competition
for a limited supply of factors regulates neuron numbers. NGF
forms a gene family with BDNF, neurotrophin-3 (NT3), and
neurotrophin-4/5 (Barde, 1994; Bibel and Barde, 2000). How-
ever, in contrast to dramatic effects observed in the PNS, deleting
the genes that encode neurotrophins or their receptors produces
only minor effects on neuron number in the CNS (Jones et al.,
1994; Minichiello and Klein, 1996; Alcántara et al., 1997; Raus-
kolb et al., 2010). As a consequence, no clear model has been
developed to explain the survival of CNS neurons.

The hippocampus is widely studied because it plays an impor-
tant role in memory formation (Cooke and Bliss, 2006). As in the
other regions of CNS, death of hippocampal neurons occurs dur-
ing the first postnatal week (Gould et al., 1991; Ferrer et al., 1994).

The neonatal hippocampus displays spontaneous synchronous
activity mediated by depolarizing GABA, and this activity is
thought to be important for the maturation of functional net-
works (Ben-Ari et al., 1997). However, whether or how such
neonatal activity is linked to neuronal survival has not been
tested.

Neurotrophins activate signaling pathways through the tro-
pomyosin receptor kinase (Trk), and retrograde transport of the
signaling endosome containing internalized Trk with the ligand
is thought to control neuronal survival (Zweifel et al., 2005).
However, neurons receive multiple extracellular survival signals.
Integrins, which consist of heterodimers (� and �) and interact
with extracellular matrix, regulate various cell functions includ-
ing survival (Hynes, 2002). Integrins play critical roles in the
survival of developing and adult hippocampal neurons (Gary et
al., 2003; Wakselman et al., 2008), as well as in the migration of
neurons (Stanco et al., 2009) and maturation of synapses (Chavis
and Westbrook, 2001). It remains unclear whether and how in-
tegrin signals are integrated with other extracellular cues and
activity to control the number of neurons during the period of
developmental neuronal death.

Here we show that GABA-mediated spontaneous activity
regulates neuronal death in the neonatal hippocampus. In vitro,
neuron number is reduced during a brief period when GABA-
dependent calcium responses develop in the neurons that prefer-
entially survive. Specifically during this period, neurotrophins
regulate neuron numbers indirectly by promoting this GABA-
mediated spontaneous activity. Neurotrophins transiently ac-
tivate Trk receptors to promote survival through the sustained
activation of the serine-threonine kinase Akt. This sustained ac-
tivation of Akt requires both neuronal activity and integrin sig-
naling. Acute pharmacological manipulations in vivo support a
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central role for integrins in neurotrophin-mediated survival of
neonatal hippocampal neurons. These data define neuronal
activity and integrin signaling as the direct mediators of
neurotrophin-activated survival mechanisms. Our findings
have implications for understanding the development of hip-
pocampal networks.

Materials and Methods
Reagents. DL-2-Amino-5-phosphonovaleric acid (APV), bicuculline, te-
trodotoxin (TTX), fluorouridine (FUDR), apotransferrin, putrescin, so-
dium selenite, progesterone, corticosterone, triiodothyronine, insulin,
and echistatin were purchased from Sigma-Aldrich. LY294002 [2-(4-
morpholinyl)-8-phenyl-4 H-1-benzopyran-4-one] and bromodeoxyu-
ridine (BrdU) were purchased from Roche. Recombinant human (rh)
BDNF and rhNT3 were purchased from R&D Systems. Modified
MEM, GlutaMAX, and penicillin/streptomycin were purchased from
Invitrogen.

Antibodies. Antibodies were used with the following dilutions: mono-
clonal mouse anti-MAP2 (Sigma-Aldrich), 1:500; polyclonal rabbit anti-
GABA, anti-c-cas3 (anti-cleaved caspase 3) (Cell Signaling Technology),
1:500; polyclonal goat anti-TrkB, anti-TrkC (R&D Systems), 1:40 (con-
centration for function blocking recommended by the manufacturer);
monoclonal rat anti-BrdU (Accurate Chemical and Scientific), 1:200;
monoclonal mouse anti-NeuN (Millipore); polyclonal rabbit anti-
phospho Thr-308 Akt, anti-phospho Ser-473 Akt for Western blot, and
immunohistochemistry, anti-phospho Tyr-490 TrkA/Tyr-516 TrkB
(Cell Signaling Technology), 1:200; function-blocking hamster anti-
integrin �1 and mouse anti-integrin �3 (BD Biosciences), 1:20; Alexa
488-conjugated goat anti-mouse IgG and Alexa 546-conjugated goat
anti-rabbit IgG, 1:100; HRP-conjugated goat anti-rabbit IgG (Invitro-
gen), 1:2000.

Cell cultures. Culture was prepared as described previously (Murase
and McKay, 2006). Hippocampi from embryonic day 18 Sprague Dawley
rat embryos were used for both astrocyte (plated at a density of 80,000
cells/ml) and neuron (density, 200,000 cells/ml) cultures. Neurons were
cultured in neuron medium (modified MEM containing 2 mM Glu-
taMAX, penicillin/streptomycin, 200 mg/L apotransferrin, 0.5 mM

putrescin, 30 nM sodium selenite, 40 nM progesterone, 40 ng/ml cor-
ticosterone, 20 ng/ml triiodothyronine, 25 �g/ml insulin and FUDR).
One-third of the medium was exchanged every 3– 4 d.

Bcl-XL expression. A nontoxic derivative of anthrax toxin was used to
deliver Bcl-XL peptide into the cytosolic compartment of cultured neu-
rons (Liu et al., 2001). The first 254 residues of anthrax lethal factor (LFn)
fused with Bcl-XL and protective antigen (PA) were a gift from Dr. Rich-
ard J. Youle (National Institute of Neurological Disorders and Stroke,
National Institutes of Health, Bethesda, MD). Treatment was performed
between the fifth day in vitro (DIV5) and DIV7 with either LFn-Bcl-XL
(50 �g/ml) and PA (40 �g/ml), or BSA (50 �g/ml) and PA (40 �g/ml) as
a control.

Transfection. Using Lipofectamine 2000 (Invitrogen), cotransfection
with 1.6 �g/ml pEGFPC1 vector (Clontech) and/or 8 �g/ml activated
Akt1/pUSE vector (Millipore) per culture was performed for 1.5 h, 1 d
before the experiments.

Immunocytochemistry. Cultures were fixed with 4% paraformalde-
hyde, permeabilized in 0.5% Triton X-100, and blocked with 5% normal
goat serum (NGS) (Vector Laboratories).

Rat neonatal brains were fixed with 4% paraformaldehyde followed
by 20% sucrose at 4°C. Coronal cryostat sections, 16 �m thick, were
blocked with 4% NGS in PBS with 0.1% Triton X-100. Antibodies
were diluted in 4% NGS. Every fourth sequential section was used for
immunohistochemistry.

Cell quantification. The fluorescent images were obtained with a Zeiss
510 confocal microscope running laser scanning microscopy using a 25�
objective lens. Because the densities of neurons on the edge of coverslips
were higher than in other regions, images were taken from the follow-
ing 5 fields: one from the center of the coverslip, two vertically, and
two horizontally 400 –3000 �m from the center. Numbers represent
mean � SEM.

Each coverslip is defined as an individual culture. All the results were
obtained from multiple cultures. All the analyses were performed blind.

Analyses of hippocampal sections were performed using NIH ImageJ.
Every fourth sequential section was stained for c-cas3 analyses. Identifi-
cation of individual cells was confirmed by DAPI (4�,6�-diamidino-2-
phenylindole dihydrochloride) staining (to visualize nuclei), and cell
type was determined by NeuN staining. Partly due to dimensional
changes in the location of the hippocampus during development, the
total numbers of sections from rostral to caudal ends of hippocampus
were �160 throughout development [postnatal day 1 (P1)–P10] despite
the increase in total volume of hippocampus. Although the c-cas3 im-
munostaining produced a relatively high background, distinctive posi-
tive signals from apoptotic cells could be detected reliably using the
threshold function in ImageJ.

BrdU. For experiments using BrdU, cultures were treated with BDNF
and NT3 (10 ng/ml) or a vehicle control (0.1% BSA in PBS) at DIV4,
pulsed with BrdU 1 �M at DIV5, and fixed at DIV6. Cells were fixed in 4N
HCl in distilled H2O for 10 min at room temperature, and blocked with
10% NGS and 0.3% Triton X-100 in PBS for 1 h at room temperature
before immunostaining.

Western blot. Western blot was performed as described previously
(Murase and McKay, 2006).

In vivo injection. In vivo injection to CA1 was described previously
(Cunningham and McKay, 1993). Briefly, Sprague Dawley rat pups (P2)
of either sex were anesthetized by hypothermia (in ice for 5 min) before
the surgery. The anesthetized animal was placed on ice in a stereotaxic
instrument. The stereotaxic coordinates from bregma are as follows:
anteroposterior, �1.5; mediolateral, �1.8; ventrodorsal, �1.8 mm. Re-
agents (0.3 �l) were delivered at a rate of 0.1 �l/min using a Hamilton
syringe with a LASI needle attached to a pump. Concentrations of re-
agents were as follows: anti-�1 antibody, 0.5 mg/ml; BDNF, 50 �g/ml;
TTX, 30 �M; bicuculline, 1 mM. PBS was used as control. The incision
was closed using a 5– 0 suture. Animals were allowed to recover at
37°C for 1–2 h.

Calcium imaging. The cultures were incubated with 2 �M Fluo-4 AM
(Invitrogen) for 15 min. The images were obtained with a Zeiss Axiovert
135TV microscope equipped with a 25� objective lens. The cultures
were imaged in HEPES-buffered saline (HBS) (containing, in mM: 110
NaCl, 5.4 KCl, 1.8 CaCl2, 0.8 MgCl2, 10 D-glucose, 10 HEPES-NaOH,
pH 7.4, 290 mOsm) at 37°C using a CCD camera (Hamamatsu) at 3
Hz for 30 s.

Electrophysiological recording. Whole-cell recording was performed
with pipettes containing the following internal solution (in mM): 136
K-gluconate, 10 KCl, 5 NaCl, 0.1 EGTA, 0.3 Na-GTP, 1 Mg-ATP, 5
phosphocreatine, 10 HEPES, pH 7.2. The resistance of the pipettes was in
the range of 1–10 M�. Signals were amplified with a DC amplifier
(model 440, Brownlee Precision). Electrophysiological recordings were
synchronized with calcium images (20 Hz) by custom software written in
Labview (National Instruments). During recording sessions, neuron cul-
tures were perfused with HBS at a flow rate of 2.5 ml/min; 2 ml of 10
ng/ml BDNF was applied followed by HBS for 5 min.

Detection of apoptotic neurons with annexin V. The cultures were im-
aged in Neurobasal medium supplemented with B27 containing 5 �l/ml
PE annexin V (BD Biosciences) with a Zeiss Axiovert 135TV microscope
equipped with a 10� objective lens. The cultures were incubated at 37°C
with 10% CO2 using a live cell chamber (Zeiss). Phase and fluorescent
images were taken every hour for 3 d.

Statistical analyses. Statistical significance between two groups was de-
termined with a two-tailed paired Student’s t test. For multiple groups,
statistical comparisons were made by ANOVA followed by individual
group tests corrected for multiple comparisons.

Results
Spontaneous neuronal activity and death
As have others (Ferrer et al., 1994), we observed apoptosis during
the first postnatal week in the rat hippocampus. The numbers of
NeuN� neurons in CA1 and CA3 cell layers decreased by 30 –
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50% between P1 and P10 (Fig. 1A). Thus, in the hippocampus,
developmental death controls number of neurons.

GABA-dependent network activity in a specific period of neo-
natal hippocampus development has been well defined (Gara-
schuk et al., 1998; Wakselman et al., 2008), but it is not known
whether this activity is linked to neuronal death. To directly test
the effect of neuronal activity on survival, we injected antagonists
of voltage-dependent sodium channels (TTX) and GABAA recep-
tors (bicuculline) to the neonatal hippocampi. By monitoring
apoptotic neurons with immunostaining against c-cas3, we
found that bilateral injection of TTX or bicuculline to P2 hip-
pocampus promoted neuron death (Fig. 1B), showing that

GABA-dependent neuronal activity regulates neuronal survival
in vivo.

We further investigated the relationship between neuronal
activity and survival with dissociated hippocampal neurons. In-
teractions with astrocytes are known to be important for the
maturation and survival of neurons (Blondel et al., 2000; Ullian et
al., 2004; Elmariah et al., 2005; Nagai et al., 2007). To study neu-
ronal death, we used hippocampal neurons plated onto astro-
cytes and showed that, in the central region of 3-mm-diameter
coverslips, the density of neurons was reproducible and insensi-
tive to changing the medium or adding the solvent DMSO (1%
DMSO; 102.5 � 4.1% and 95.3 � 4.1% of control, n � 6). Under

Figure 1. Spontaneous activity is involved in survival. A, In vivo, numbers of hippocampal neurons decrease during the postnatal period. Mean numbers of NeuN � cells in CA1 and CA3 cell layer
are compared between P1 and P10 (n � 6). B, Apoptotic neurons were analyzed by immunostaining of c-cas3 and a neuronal marker, NeuN (blue, DAPI; green, NeuN; red, c-cas3). Inhibiting
spontaneous activity increased death. Either 0.3 �l of 30 �M TTX or 1 mM bicuculline (Bic) was injected at P2. cnt, Control. c-cas3 � neurons were analyzed at P3 (n � 8). *p 	 0.05 (one-way
ANOVA). C, The neuronal number declined between DIV4 and DIV9 (5–16 cultures). MAP2 � cells were counted (n � 8). D, Proportion of spontaneously active neurons. Calcium imaging with Fluo-4
AM was used (n � 5). E, Spontaneous activity was blocked by 30 �M bicuculline. F, GABAergic neurons became spontaneously active earlier than glutamatergic neurons at DIV5 (n � 4). G, From
left: Phase image of DIV6 culture, location of active neurons, location of inactive neurons (red dots, annexin � within 24 h), proportion of neurons that became annexin � to annexin � within 24 h
period after calcium imaging (n � 5). *p 	 0.05.
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these conditions, the number of surviving neurons was stable for the
first 4 d but reproducibly decreased between DIV4 and DIV9 before
becoming stable once more (Fig. 1C). Incubation for 2 d with the
antimitotic drug, FUDR, did not affect the neuron number, showing
that neurons were not generated from dividing precursors (80 �M

FUDR; 108.2 � 5.3% of control, n � 15 at DIV4). Including a
caspase inhibitor (20 �M) or transfecting a plasmid encoding the
anti-apoptotic protein Bcl-XL effectively reduced death (119.0 �
11.3% and 135.5 � 9.4% of control, n � 4). These results define a
specific period when postmitotic neurons undergo spontane-
ous apoptosis that eliminates �40% of total neurons.

To monitor activity in these developing neurons, we used
time-lapse imaging following incubation with Fluo-4 AM, a non-
fluorescent acetoxymethyl ester that is cleaved inside cells to the
green-fluorescent calcium indicator, Fluo-4. These data show
that spontaneous calcium activity was first evident in a small
proportion of neurons on DIV4 –DIV5, but by DIV11–DIV12,
almost all neurons exhibited activity (Fig. 1D). This activity was
synchronous throughout the population of neurons (data not
shown) and was completely blocked by the GABAA antagonist,
bicuculline (Fig. 1E). When this activity first emerged, a larger
proportion of the active neurons expressed high levels of the
neurotransmitter GABA (Fig. 1F). These data suggest that syn-
chronous calcium activity develops during the period when some
neurons die, and that GABA plays an early role in this process.

Next, we performed live-imaging experiments to determine
the correlation between activity and death. Annexin V binds to
negatively charged phospholipids that are normally present on
the inner surface of the plasma membrane but exposed on the
surface of dying cells (Koopman et al., 1994). Neuronal activity
was monitored optically, and then the cell surface expression of
annexin V was monitored for the next 24 h. At DIV6, one-third of
the neurons showed spontaneous calcium transients. Only 1% of
these active cells became annexin�, whereas 
10% of the inac-
tive neurons became annexin� in the next 24 h (Fig. 1G). These
results show that inactive neurons were 10 times more likely to
die than active ones.

BDNF facilitates activity while promoting survival
Simultaneous whole-cell recording and calcium imaging have
shown that calcium transients [also known as early network os-
cillations (ENOs)] are associated with action potentials (APs) in
hippocampal slices (Garaschuk et al., 1998). In dissociated hip-
pocampal neurons, we found that ENOs were also associated
with APs when they become spontaneously active (Fig. 2A). The
frequency of these GABA-dependent ENOs increased following
application of BDNF (Fig. 2A). This effect of BDNF was observed
only during the death period (DIV7, 188 � 17.7%, n � 6; DIV11,
108 � 17.5% of control, n � 4).

At DIV7, BDNF acutely recruited inactive cells into the active
population (Fig. 2B). Treatment with BDNF increased the num-
ber of spontaneously active neurons by 20.4 � 6.4% (20% of
inactive neurons are recruited). At DIV5, GABAergic neurons
were preferentially activated by BDNF (Fig. 2C). The calcium
transients in both previously active neurons and BDNF-recruited
neurons were blocked entirely by bicuculline (data not shown).
These observations show that BDNF acutely recruits inactive cells
into the active population and that GABAergic cells are initially
more likely to be activated.

To determine whether exposure to BDNF leads to a long-term
change in the proportion of active neurons, we measured neuro-
nal activity by Fluo-4 AM imaging 24 h after treatment with
BDNF. BDNF treatment increased the proportion of active neu-

rons more than threefold, and this treatment reduced the num-
ber of annexin V� neurons by fivefold (Fig. 2D). These results
suggest that BDNF has a long-term effect on neuronal activity
and survival.

BDNF fails to promote survival of neurons in the absence of
spontaneous activity
Our results show (1) that inactive neurons are likely to become
annexin� and (2) that BDNF rapidly promotes activity and re-
duces the number of annexin� neurons. Different models could
explain these observations. One possibility is that BDNF sup-
ported neuronal survival by promoting activity. Alternatively,
there may be two distinct populations of neurons; one that dies
and another that shows altered activity in response to BDNF.
Therefore, we tested whether BDNF required activity to exert its
survival effect. Treatment with BDNF from DIV5 to DIV7 re-
sulted in a significant increase in neuron number (Fig. 3). This
effect was abolished in the presence of activity blockade by bicu-
culline (Fig. 3). This result shows directly that exogenous BDNF
requires activity to support neuronal survival.

L-type channels are critical for calcium activity, and
activate Akt
Our calcium-imaging data suggested that the survival effects of
BDNF may be mediated through a calcium-dependent system.
Nifedipine, the L-type calcium channel antagonist, completely
blocked spontaneous ENOs (Fig. 4A). Blocking L-type channels
also reduced neuron numbers (Fig. 4B), suggesting that L-type
calcium channels are involved in survival. BDNF did not increase
the number of surviving neurons in the presence of nifedipine
(Fig. 4B). These results show that BDNF requires both GABAA

receptors and the depolarization mediated by L-type calcium
channels to support neuronal survival.

Cell survival responses in many systems are controlled by a
rapid activation of the phosphoinositol kinase (PI3K) and re-
cruitment of the serine-threonine kinase Akt to the cell surface
(Toker and Newton, 2000; Jacinto et al., 2006). Treating hip-
pocampal neurons with GABA induced the phosphorylation of
Ser-473 Akt, which can be blocked by LY294002, an inhibitor for
PI3K (Fig. 4C). The phosphorylation of Akt was impaired by
bicuculline, and when extracellular calcium was depleted with
EGTA, or L-type channels were inhibited by nifedipine, GABA
did not cause Akt phosphorylation (Fig. 4C). In contrast, the
NMDA receptor antagonist APV did not block Akt phosphory-
lation (Fig. 4C). These results show that depolarization drives
L-type channels to regulate the survival of hippocampal neurons,
and suggest that this effect may be mediated by the activation of
Akt.

Neurotrophins initiate Akt activation that is maintained by
L-type channels
To directly determine how activity is involved in neurotrophin-
induced cell signaling, we first monitored activation of the ty-
rosine kinase receptor Trk in response to BDNF and NT3. Trk
phosphorylation endured for 	1 h in the continued presence of
these ligands (Fig. 5A). Preincubation with antibodies against
TrkB and TrkC, which block receptor–ligand interaction,
blocked tyrosine phosphorylation of the receptors (Fig. 5A).
EGTA and bicuculline treatment did not block tyrosine phos-
phorylation of Trk receptors (Fig. 5A).

In contrast to the short-lasting activation of Trk, treatment
with neurotrophins caused activation of Akt for 4 h (Fig. 5A).
Preincubation with anti-TrkB and anti-TrkC blocked Akt activa-
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tion (Fig. 5A). Buffering external calcium
with EGTA, blocking GABAA receptors or
L-type channels, permitted Akt phos-
phorylation for 1 h but caused premature
downregulation of Akt phosphorylation
(Fig. 5A). These data suggest that Akt ac-
tivation is initiated by Trk activation, but
is sustained by activity-driven calcium
influx that requires GABAA and L-type
channels.

Akt is necessary and sufficient
for survival
To determine whether Akt activation is
required for neurotrophin survival signal-
ing, neurons were treated with neurotro-
phins in the presence of LY294002, a drug
that is widely used as a selective inhibitor
of PI3K. Incubation with BDNF pro-
moted survival, and the addition of NT3
did not enhance this effect (Fig. 5B). Incu-
bation with anti-TrkB and anti-TrkC, on
the other hand, reduced the number of
surviving neurons below control levels,
suggesting a role for endogenous neu-
rotrophins (Fig. 5B). In the presence of
LY294002, the survival effect of neurotro-
phins was blocked, leading to numbers of
surviving neurons similar to those ob-
served when neurotrophin signaling was
blocked (Fig. 5B). This result suggests
that activation of Akt is necessary for
neurotrophin-dependent survival.

Akt activation promotes its localiza-
tion to the membrane, and when Akt is
tagged with a myristoylation site, it be-
comes constitutively active (Kohn et al.,
1996). To test whether Akt activation is
sufficient for survival, we overexpressed
myristoylated Akt in neurons. When neu-
rons were transfected with a control plas-
mid expressing only green fluorescent
protein (GFP), the decline in numbers of
transfected neurons from DIV5 to DIV7
was exacerbated by nifedipine (Fig. 5B).
However, when neurons were cotrans-
fected with myristoylated Akt, the num-
bers of neurons did not change over time,
and nifedipine had no effect on the num-
ber (Fig. 5C). These results suggest that
constitutively active Akt is sufficient to
suppress neuronal death.

Integrin �1 signaling is necessary for
neurotrophin-dependent survival
Akt has two phosphorylation targets for
PI3K at Thr-308 and Ser-473 that mediate
distinct downstream effects in survival
and growth signaling (Jacinto et al., 2006).
We found that depolarizing hippocampal
neurons by applying elevated K� induced
the phosphorylation of both sites, and
these phosphorylation events were both

Figure 2. BDNF promotes spontaneous activity and survival. A, Left, Calcium signal (blue line) and intracellular recording (black
line, action potentials marked with asterisks) show increased activity 5 min after application of 10 ng/ml BDNF. Right, Frequency
of calcium activity is enhanced by 10 ng/ml BDNF in 5 min (n � 6). B, Example of inactive neurons (DIV7) becoming active 5 min
after application of 10 ng/ml BDNF. C, GABAergic neurons were preferentially recruited by BDNF at DIV5 (n�7). D, BDNF promoted
spontaneous activity while suppressing apoptosis. Calcium imaging with Fluo-4 AM was performed at DIV5, and then the
cultures were incubated with or without 10 ng/ml BDNF for 24 h, before the second calcium imaging was performed at DIV6
(n � 5). cnt, Control. *p 	 0.05.

Figure 3. BDNF fails to rescue neurons without spontaneous activity. Left, MAP2 immunostaining. Right, Numbers of neurons
(n � 7). Neurons were treated with 10 ng/ml BDNF and/or 30 �M bicuculline (Bic) from DIV5 to DIV7. *p 	 0.05 (one-way
ANOVA); ns, not significant; cnt, control.
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attenuated by nifedipine (Fig. 6A). Be-
cause the extracellular matrix is known to
play an important role in cell survival, and
laminin acting through integrin receptors
is known to influence the survival of hip-
pocampal neurons (Gary et al., 2003), we
explored the role of integrin in this sur-
vival pathway.

Echistatin, a disintegrin derived from
snake venom that blocks specifically �1/
�3-containing integrins (Pfaff et al.,
1994), and a function-blocking antibody
against the �1 subunit of integrin (Men-
drick and Kelly, 1993), specifically im-
paired phosphorylation of Ser-473 (Fig.
6 A). On the other hand, a function-
blocking antibody against integrin �3
(Helfrich et al., 1992) had no effect on ei-
ther phosphorylation site (Fig. 6A). These
results suggest that L-type channel-induced
phosphorylation of Akt at Ser-473 requires
integrin �1 signaling.

If integrin �1 is required for L-type
channel-induced Akt activation, the sus-
tained Akt activation by neurotrophins
should also be integrin �1 dependent. Nei-
ther the sensitivity of Trk activation nor the
duration of Trk activation was affected by
anti-integrin �1 antibody (Fig. 6B). While
initial transient activation of Akt was intact
in the presence of integrin �1 blockade, the
sustained Akt activation was impaired (Fig.
6B). Inhibition of integrin �3, on the other
hand, had no effect on Akt activation (Fig.
6B). Although it has been reported that neu-
rotrophins directly bind to integrin �9 �1
(Staniszewska et al., 2008), the function
blocking anti-integrin �1 antibody did not
block the transient Akt activation by neu-
rotrophins, which was completely attenu-
ated by anti-TrkB and anti-TrkC antibodies
(Fig. 6B). Therefore, it is likely that the tran-
sient Akt activation was triggered by Trk re-
ceptor activation. These results show that,
independent of the initial activation mech-
anism, integrin �1 is required for sustained
Akt activation on Ser-473 that is triggered by
neurotrophins.

If integrin �1 is required for
neurotrophin-dependent survival of neu-
rons, inhibition of integrin �1 should atten-
uate the survival effect of neurotrophins.
Indeed, we found that in the presence of
echistatin or anti-integrin �1 antibody,
the number of surviving neurons was
decreased, and neurotrophins failed to pro-
mote neuronal survival (Fig. 6C). Anti-
integrin �3 antibody did not affect the
number of surviving neurons (105.7 �
4.2% of control, n � 6). When neurons
were cotransfected with GFP and myristoy-
lated Akt, the number of transfected neu-
rons did not change by the anti-integrin �1

Figure 4. L-type channels are required for spontaneous activity and survival. A, Calcium events were attenuated by nifedipine
(Nif). B, Neuronal death was induced by nifedipine (n � 5). C, Activation of L-type channels by depolarization (100 �M GABA for
5 min) induced Akt phosphorylation. Concentrations of 30 �M bicuculline, 5 mM EGTA, 100 �M APV, 10 �M nifedipine, and 10 �M

LY294002 were used. cnt, Control. *p 	 0.05 (one-way ANOVA).

Figure 5. Neurotrophins initiate Akt activation that is maintained by L-type channels. A, BDNF and NT3 (10 ng/ml)
induced phosphorylation of Trk, and sustained phosphorylation of Ser-473 Akt; 50 �g/ml anti-TrkB and anti-TrkC, 30 �M

bicuculline (Bic), 5 mM EGTA, and 10 �M nifedipine were used. B, Neurons were treated from DIV5 to DIV7 (n � 7); 10 ng/ml
BDNF and NT3, 50 �g/ml anti-TrkB and anti-TrkC, and 10 �M LY294002 (LY) were used. C, Overexpression of constitutively
active Akt by transfection of a plasmid encoding Akt cDNA with a myristoylation signal. Transfection was performed at DIV4, and neurons
were treated with 10 �M nifedipine from DIV5 to DIV7 (n � 5). cnt, Control. *p 	 0.05 (one-way ANOVA).
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antibody (Fig. 6D), confirming that sustained Akt activation is suf-
ficient to rescue neurons from integrin �1 blockade. These results
suggest that the survival effects induced by neurotrophins require
integrin �1 signaling.

Manipulations in vivo confirm the
survival pathway is conserved
Molecules involved in the survival of hip-
pocampal neurons during the death pe-
riod play important roles in earlier stages
of development, and mice lacking neu-
rotrophin or integrin receptors have been
shown not to survive through the period
when hippocampal neurons die (Stephens
et al., 1995; Silos-Santiago et al., 1997). To
achieve precisely timed manipulations of
survival signals, we made microinjections
into the neonatal hippocampus. When
BDNF was injected into P2 hippocampus,
the number of c-cas3� neurons in both
CA1 and CA3 regions was reduced (Fig.
6E). In contrast, injection of the anti-
integrin �1 antibody led to increased
numbers of c-cas3� neurons (Fig. 6E). As
with in vitro experiments, the survival ef-
fect of BDNF was not observed in the
presence of anti-integrin �1 antibody
(Fig. 6E). These results suggest that neu-
rotrophins promote survival through an
integrin-dependent mechanism in vivo.

Discussion
The goal of this study was to understand
whether neurotrophins control neuronal
number during the specific stage of post-
natal development when spontaneous
neuron loss occurs. As summarized in
Figure 7, we first found that neuronal sur-
vival in the postnatal hippocampus re-
quired spontaneous GABA-dependent
activity. We then used in vitro systems
to show that BDNF promoted GABA-
dependent network activity while sup-
pressing apoptosis (Fig. 7A). Transient
Trk receptor activation by neurotrophins
triggered Akt activation that was main-
tained by calcium influx through L-type
channels and also required signals from
integrin receptors (Fig. 7B). Finally,
experiments performed in vivo demon-
strated that neurotrophins regulated neu-
ron death through an integrin-dependent
mechanism. These results support a new
view of the survival mechanisms activated
by neurotrophins.

Since apoptosis was first reported in
the neonatal hippocampus (Ferrer et al.,
1994), this developmental death has been
confirmed by other groups (White et al.,
1998; Wakselman et al., 2008). Our re-
sults, obtained in vivo and in vitro, are
consistent with these findings: by analyz-
ing numbers of c-cas3� neurons, we con-
firmed the extent of apoptosis reported
previously. Further, consistent with previ-

ous results (Ferrer et al., 1994), we did not observe apoptotic
neurons after P10 (data not shown). Together, these results es-
tablish that developmental death eliminates a large proportion of

Figure 6. L-type channels cooperate with integrin �1 to activate Akt and promote survival. A, Activation of Akt by
depolarization with 50 mM KCl for 5 min required L-type channels. Phosphorylation of Ser-473 but not Thr-308 was
impaired by echistatin or anti-integrin �1 antibody. B, Neurotrophin-induced phosphorylation of Trk receptors was not
affected by anti-integrin �1 antibody, but the sustained Akt activation was impaired. C, Incubation with echistatin or
anti-integrin �1 antibody reduced the number of surviving neurons and attenuated the survival effect of neurotrophins.
Treatment was from DIV5 to DIV7 (n � 6). D, Cotransfection of GFP and myristoylated Akt blocked the effect of anti-
integrin �1 antibody on neuronal survival. Transfection was at DIV4 and treatment from DIV5 to DIV7 (n � 6); 10 �M

nifedipine (Nif), 0.1 �M echistatin, 50 �g/ml anti-integrin �1 and anti-integrin �3 antibodies, and 10 ng/ml BDNF and
NT3 were used. E, In vivo delivery of BDNF reduced apoptosis while anti-�1 antibody increased. BDNF failed to reduce
apoptosis when integrin �1 was inhibited; 0.3 �l of 0.5 mg/ml anti-�1, 50 �g/ml BDNF were injected at P2, and c-cas3 �

neurons were analyzed at P4 (n � 6). cnt, Control. *p 	 0.05 (one-way ANOVA).
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neurons from the hippocampus, indicat-
ing that this process plays an important
role in controlling numbers of surviving
neurons in this brain structure.

In contrast to the dramatic loss of neu-
rons observed in the PNS, genetic deletion
of neurotrophins and their receptors have
little effect on neuron number in the CNS,
including hippocampus (Jones et al.,
1994; Minichiello and Klein, 1996; Al-
cántara et al., 1997; Rauskolb et al., 2010).
These studies have led to the suggestion
that neurotrophins may not be involved
in the survival of CNS neurons. However,
our results obtained in vivo and in vitro
demonstrate that neurotrophins are re-
quired for the survival of hippocampal
neurons and that neurotrophins support
neuronal survival by promoting network
activity. In pathological neuronal loss of
CNS neurons, neurotrophins may play a
major neuroprotective role (Nagahara et
al., 2009; Nikolaev et al., 2009). Whether
or not the survival mechanism presented
here is conserved in neurodegenerative
diseases remains to be elucidated.

Depolarizing GABA during develop-
ment promotes neuronal differentiation
through the action of BDNF (Marty et al.,
1996). Transcription and release of BDNF
is stimulated by GABA (Berninger et al.,
1995; Kuczewski et al., 2008). These re-
sults are consistent with the commonly
held model that neural activity causes
neurotrophin release and this promotes
survival. Our data show that neurotro-
phins cannot exert their effects on sur-
vival in the absence of neuroactivity, and
thus assign a central role for activity in
neurotrophin-mediated survival. We re-
port two effects of BDNF on neuronal ac-
tivity, an increase in the frequency of
calcium oscillations (ENOs) and the
recruitment of silent neurons to active net-
works. Precise mechanisms for these effects
remain to be elucidated. One possibility is
that BDNF alters excitability of the neurons. However, young hip-
pocampal neurons do not show changes in either K�- or Na�-
currents after BDNF treatment (Li et al., 1998). Another possibility is
that BDNF alters synaptic properties (Li et al., 1998; Wardle and Poo,
2003). The neurotrophic effects of BDNF emphasize the importance
of a rapid change in the activity state of hippocampal neurons at this
stage of their maturation.

We show that the serine-threonine kinase Akt is necessary and
sufficient for neuronal survival. Akt activation by receptor ty-
rosine kinases is generally rapid (Franke et al., 1995; Yoshizaki et
al., 2007), but this is sufficient to induce survival responses
(Androutsellis-Theotokis et al., 2006). Our data show that the
kinetics of Akt signaling is longer-lasting in neurons than in other
cell types, and the long-lasting Akt-activation is required for neu-
ronal survival. We found that phosphorylation of Ser-473 Akt
induced by calcium influx through L-type channels specifically
required integrin �1. The mechanisms of Akt activation have

been intensively studied in the context of cancer biology, where a
kinase cascade activated by tyrosine kinase leads to phosphoryla-
tion of Akt at Thr-308. This event is required for subsequent
phosphorylation of Akt at Ser-473 (Balendran et al., 1999; Toker
and Newton, 2000). The mTOR complex 2 (mTORC2), a signal-
ing complex related to the well defined, rapamycin-sensitive
mTORC1, phosphorylates Akt at Ser-473 and plays a specific role
in cell survival (Jacinto et al., 2006). Our data suggest that both
phosphorylation events are required for neuronal survival and
reveal a novel mechanism, assigning a central role to neuronal
activity in activating this process.

Our study revealed a specific role for the integrin �1 subunit
in the survival signaling of neonatal neurons in hippocampus.
The ligand that activates integrin �1 to sustain Akt phosphoryla-
tion remains unknown. One candidate ligand is laminin, an
extracellular-matrix protein that binds to and is expressed by
neonatal neurons (Hynes, 2002; Sharif et al., 2004). Alternatively,

Figure 7. Schematic drawings of how neurotrophins promote survival of neurons in neonate. A, During the neonatal period
when spontaneous network activity is developing, BDNF promotes spontaneous activity while suppressing the apoptosis. B,
Molecular mechanism by which neurotrophins exert survival effect via promoting spontaneous activity. Activation of Trk receptor
triggers Akt activation that is maintained by spontaneous activity-driven calcium influx through L-type channels. The sustained
Akt, which requires signal from integrin �1 signaling, is necessary and sufficient for neurotrophin-dependent survival.
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the unknown ligand may be provided by non-neuronal cells.
Contact with astrocytes, for example, facilitates synapse forma-
tion in young hippocampal neurons via signaling from integrin
�1 (Hama et al., 2004). Further investigations of the spatial and
temporal distribution of integrin �1 and its ligands may help to
reveal mechanisms by which neurocircuitry is sculpted through
neuronal death.

Our data show that it is important for a neuron to participate
in an active network to survive the neonatal period, and that
depolarizing GABA plays a key role in this mechanism. Depolar-
izing GABA is critical for the spontaneous network activity that is
believed to establish the circuitry of the neonatal hippocampus
(Ben-Ari et al., 1989). An appropriate balance between excitatory
and inhibitory inputs is critical for normal adult brain function.
Our results suggest that neurotrophin-mediated activity may en-
sure that neurons only survive when they are appropriately linked
to a functional network with strong GABAergic input.
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