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Spatially and Functionally Distinct Roles
of the PI3-K Effector Pathway during NGF
Signaling in Sympathetic Neurons

a key regulator of NGF-dependent survival of PC12 cells
(Yao and Cooper, 1995) and sympathetic neurons (Phil-
pott et al., 1997; Crowder and Freeman, 1998). The sur-
vival-promoting effects of PI3-K in sympathetic neurons
are executed, at least in part, through the actions of
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the serine/threonine protein kinase Akt (Crowder and
Freeman, 1998; Mazzoni et al., 1999).

Since NGF functions as a target-derived survival fac-
Summary

tor for sympathetic and sensory neurons, it is believed
that its chief mode of action for supporting survival of

NGF is a target-derived growth factor for developing
these neurons is retrograde signaling. A role for NGF

sympathetic neurons. Here, we show that application itself as a carrier of the retrograde signal is supported
of NGF exclusively to distal axons of sympathetic neu- by the observations that NGF is retrogradely transported
rons leads to an increase in PI3-K signaling in both in sympathetic neurons in vivo and in vitro (Hendry et
distal axons and cell bodies. In addition, there is a more al., 1974; Stockel et al., 1975; Johnson et al., 1978;
critical dependence on PI3-K for survival of neurons Korsching and Thoenen, 1983; Palmatier et al., 1984;
supported by NGF acting exclusively on distal axons Nagata et al., 1987). Recent work has indicated that
as compared to neurons supported by NGF acting tyrosine-phosphorylated Trk receptors (P-Trk) are also
directly on cell bodies. Interestingly, PI3-K signaling retrogradely transported in neurons (Tsui-Pierchala and
within both cell bodies and distal axons contributes Ginty, 1999; Watson et al., 1999). In addition, the cata-
to survival of neurons. The requirement for PI3-K sig- lytic activity of TrkA that has been retrogradely trans-
naling in distal axons for survival may be explained by ported to the cell bodies and proximal axons is neces-
the finding that inhibition of PI3-K in the distal axons at- sary for phosphorylation and activation of the nuclear
tenuates retrograde signaling. Therefore, a single TrkA transcription factor CREB (Riccio et al., 1997). Whether
effector, PI3-K, has multiple roles within spatially distinct retrograde transport of an NGF/TrkA complex or some
cellular locales during retrograde NGF signaling. other retrograde signal carrier mediates NGF-depen-

dent survival of sympathetic neurons remains unclear.
In addition to supporting survival through retrogradeIntroduction

signaling mechanisms, target-derived NGF acts locally
to support growth of distal axons. This idea is supportedThe development and maintenance of the mammalian
by the observation that both NGF and TrkA are neces-nervous system is dependent upon the activities of a
sary for growth of axons of cutaneous sensory neuronscomplex array of extracellular cues. Neurotrophins are
within their target fields in vivo (Patel et al., 2000). Like-a family of target-derived peptide factors that support
wise, growth of distal axons of sympathetic neurons inthe growth, differentiation, and survival of developing
vitro requires NGF signaling within distal axons; NGFneurons. Nerve growth factor (NGF) is perhaps the best
acting exclusively on cell bodies and proximal axons ofcharacterized of all the members of the neurotrophin
compartmentalized neurons cannot support growth offamily, which includes brain-derived neurotrophic factor
distal axons (Campenot, 1977). Further, NGF can act(BDNF), neurotrophin-3 (NT-3), and neurotrophin-4/5
directly on axons of sympathetic neurons to affect(NT-4/5) (Reichardt and Farinas, 1997). In the peripheral
changes in synaptic efficacy (Lockhart et al., 1997), andnervous system, sympathetic neurons and cutaneous
NGF and other neurotrophins can function as potentsensory neurons are dependent upon target-derived
chemoattractants when applied directly to neuronalNGF for survival during development, while in the central
growth cones in vitro (Ming et al., 1999). Thus, NGF/TrkAnervous system, NGF is required for growth of choliner-
signaling within multiple distinct cellular compartmentsgic neurons whose cell bodies are located in the basal
contributes to growth, differentiation, plasticity, and sur-forebrain.
vival of the neurons.The diverse biological responses elicited by neuro-

We have begun to characterize the TrkA effector path-trophins are mediated by the action of receptor tyrosine
ways that contribute to both local and retrograde NGFkinases of the Trk family. TrkA is the high-affinity recep-
signaling using an in vitro model of compartmentalized

tor for NGF and is expressed in all NGF-dependent neu-
sympathetic neurons. Here, we provide evidence that

rons (Reichardt and Farinas, 1997). Ligand-bound TrkA
PI3-K signaling is essential for survival of sympathetic

dimerizes and undergoes autophosphorylation on spe- neurons supported by NGF acting exclusively on distal
cific tyrosine residues, which serve as docking sites axons. Compartmentalized inhibition experiments indi-
for a variety of effector proteins, including Shc, PLC-g, cate that NGF-dependent survival requires PI3-K within
FRS-2, SH2-B, and rAPS (Kaplan and Miller, 2000). Ef- both cell bodies and distal axons. Interestingly, PI3-K
fector pathways that propagate NGF/TrkA signaling in- signaling in distal axons is critical for initiation, but not
side the neuron include the Raf-MAPK pathway and the propagation, of retrograde transport of NGF and retro-
phosphatidylinositol 3-kinase (PI3-K) pathway (Kaplan grade signaling. These results establish that a single
and Miller, 2000). Recent work has implicated PI3-K as TrkA effector pathway, the PI3-K pathway, has multiple

roles within spatially distinct cellular locales during NGF-
dependent growth and survival of sympathetic neurons.* To whom correspondence should be addressed (dginty@jhmi.edu).
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Results tion of PI3-K/Akt signaling in sympathetic neurons, ex-
periments were done using compartmentalized neurons
and the Trk kinase inhibitor K252a (Berg et al., 1992;NGF Activation of the PI3-K Pathway

in Compartmentalized Sympathetic Neurons Ohmichi et al., 1992; Tapley et al., 1992). Neurons were
grown in chambers with medium containing a-NGFWe used dissociated sympathetic neurons obtained

from newborn rat superior cervical ganglia and grown bathing cell bodies and medium containing NGF (100
ng/ml) bathing distal axons. Application of K252a toin compartmentalized cultures (Campenot, 1977; Riccio

et al., 1997) to assess the subcellular distribution and distal axons led to a decrease in levels of both P-Akt
(Figure 2) and P-TrkA (Y490) (data not shown) in distalstate of activation of PI3-K and its downstream effector

Akt (protein kinase B). Neurons were maintained under axons and in cell bodies. In contrast, application of
K252a exclusively to cell bodies led to a decrease inconditions in which cell bodies and proximal axons

(hereafter referred to as the cell body compartment) levels of P-Akt in cell bodies, but not in distal axons.
The latter treatment also resulted in a reduction in thewere exposed to medium containing a neutralizing anti-

body directed against NGF (a-NGF) while distal axons, amount of P-TrkA (Y490) in cell bodies, but not in distal
axons (Riccio et al., 1997). Thus, TrkA activity is requiredwhich are .1 mm away from cell bodies, were exposed

to medium containing NGF. These conditions resemble within distal axons for both local and retrograde PI3-K
signaling. Moreover, the activity of TrkA within cell bod-in vivo conditions in which neurons are maintained by

NGF acting exclusively on distal axons. ies, which is derived at least in part from retrogradely
transported P-TrkA (Y490) (Tsui-Pierchala and Ginty,We first asked whether binding of NGF to receptors

exclusively on distal axons regulates the activities of 1999), is required for PI3-K/Akt signaling in cell bodies
of sympathetic neurons.PI3-K and Akt in distal axons and/or cell bodies. For

these experiments, NGF was removed from medium
bathing distal axons for 24 hr. Then, distal axons were Selective Inhibition of PI3-K Activity within
exposed to the same medium (control) or medium con- Distinct Cellular Compartments
taining NGF for various times. The activation states of The availability of wortmannin and LY294002, which are
TrkA and Akt were assessed in extracts prepared from structurally distinct, membrane-permeable inhibitors of
cell body and distal axon compartments by immuno- PI3-K, allowed us to address the role of the PI3-K
blotting using antibodies that recognize the activated, effector pathway within cell bodies and distal axons
phosphorylated forms of these proteins. P-Trk (Y490) separately during local and retrograde NGF signaling.
antibodies recognize TrkA when phosphorylated on Tyr- LY294002 (100 mM) and wortmannin (100 nM) inhibit
490, which is the Shc recognition site (Kaplan and Miller, PI3-K, but not PI4-K (Powis et al., 1994; Vlahos et al.,
1997). P-Akt antibodies recognize Akt when phosphory- 1994). We first asked whether we could apply these
lated on Ser-473, which is necessary for its catalytic pharmacological compounds to individual compart-
activity (Datta et al., 1999). Application of NGF to distal ments to selectively block the activity of PI3-K in distal
axons resulted in increased levels of P-TrkA (Y490) and axons, but not cell bodies, and vice versa. When added
P-Akt within distal axons, which were maximal after 20 to the medium bathing either cell bodies or distal axons
min (Figure 1A and data not shown). Increases in both for 30 min, wortmannin blocked phosphorylation of Akt
P-TrkA (Y490) and P-Akt were also detected in cell bod- in cell bodies or distal axons, respectively (Figure 3A).
ies but with slower kinetics. A small but reproducible Application of wortmannin to cell bodies did not block
increase in both P-TrkA (Y490) and P-Akt was detected phosphorylation of Akt in distal axons, and application
in extracts of cell bodies within 20 min, and a more of wortmannin to distal axons did not block phosphory-
robust increase was seen at 8 hr (Figure 1A). The appear- lation of Akt in cell bodies. LY294002 was used for exper-
ance of P-TrkA (Y490) and P-Akt in both distal axons iments requiring long-term inhibition of PI3-K because
and cell bodies was coincident with the appearance of LY294002, unlike wortmannin, is a reversible inhibitor
PI3-K activity associated with phosphotyrosine immu- of PI3-K (Powis et al., 1994; Vlahos et al., 1994), and
noprecipitates (Figure 1B). Additionally, withdrawal of LY294002 is considerably more stable than wortmannin
NGF from distal axons of neurons, which had been in aqueous solutions. Remarkably, treatment of cell bod-
grown with medium containing a high concentration of ies with LY294002 for 8 hr (Figure 3B) or 2 days (Figure
NGF (100 ng/ml) on distal axons and a-NGF on cell 3C) led to complete inhibition of phosphorylation of Akt
bodies, led to a decrease in the levels of both P-TrkA within cell bodies, but this treatment did not affect the
(Y490) and P-Akt in distal axons and in cell bodies (Figure levels of P-Akt in distal axons. These results indicate
1C). Thus, NGF acting on TrkA receptors on distal axons that this pharmacological approach is useful for experi-

ments, described below, that address the role of PI3-Kregulates the phosphorylation/activation of TrkA, PI3-K,
signaling in cell bodies versus distal axons during localand Akt both locally within distal axons and retrogradely
and retrograde NGF signaling and survival.to proximal axons and cell bodies of sympathetic

neurons.
PI3-K Activity Is Necessary for Survival of
Sympathetic Neurons Supported by NGF

TrkA Activity within Both Distal Axons and Cell Acting Exclusively on Distal Axons
Bodies Is Necessary for Retrograde Control Recent reports have indicated that activation of PI3-K
of PI3-K/Akt Signaling signaling is sufficient to support survival of sympathetic
To determine whether TrkA signaling within distal axons, neurons grown in the absence of NGF (Philpott et al.,

1997; Crowder and Freeman, 1998). Yet, whether PI3-Kwithin cell bodies, or both mediates retrograde activa-
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Figure 1. An NGF-Mediated Retrograde Signal Induces TrkA and PI3-K Activity in Cell Bodies of Sympathetic Neurons

(A) Time course of appearance of phosphorylation of TrkA Tyr-490 (P-TrkA [Y490]) and Akt Ser-473 (P-Akt) in cell bodies and distal axons of
compartmentalized sympathetic neuronal cultures after application of NGF to the distal axonal processes. The distal axons and terminals of
13 DIV sympathetic neurons grown in biochemistry chambers were maintained in medium lacking NGF for 2 days before treatment with
medium alone (minus sign) or medium containing NGF (150 ng/ml) for either 20 min or 8 hr. Cellular lysates were prepared from individual
compartments containing cell bodies (CB) and distal axonal processes (DA) by adding boiling laemmli buffer to the compartments. Cell body
and distal axonal extracts were subjected to imunoblotting using antibodies specific for P-TrkA (Y490) and P-Akt (Ser-473). The immunoblots
were stripped and reprobed with an antibody against p85 to demonstrate equal amounts of total protein in the extracts.
(B) Induction of phosphotyrosine-associated PI3-K activity in cell bodies and distal axons of sympathetic neurons after application of NGF
to the distal axons. The distal axons and terminals of 13 DIV sympathetic neurons grown in biochemistry chambers and supported by NGF
on distal axons and a-NGF on cell bodies were placed in medium lacking NGF in distal axonal compartments for 2 days. Then, distal axons
were treated with either medium alone (minus sign) or medium containing NGF (150 ng/ml) for 20 min and 8 hr. Lysates were prepared from
individual compartments containing either cell bodies or distal axonal processes and subjected to immunoprecipitation with a phosphotyrosine
antibody (4G10) for 2 hr at 48C, and PI3-K assays were carried as described in Experimental Procedures.
(C) Kinetics of dephosphorylation of P-TrkA (Y490) and P-Akt in the cell bodies and distal axons after withdrawal of NGF from the distal axonal
processes. Twelve to thirteen DIV cultures of compartmentalized neurons were maintained in medium containing a-NGF in the cell body
compartment and in medium containing NGF (200 ng/ml) in the distal axon compartment. The NGF-containing medium was removed from
the distal axonal compartment, the distal axonal processes were washed once with medium lacking NGF, and then the processes were
incubated in medium containing a-NGF (1:1000) for 1.5 hr and 6 hr, respectively. Lysates were prepared from cell body and distal axonal
compartments as described above and subjected to immunoblotting using antibodies against P-TrkA (Y490) and P-Akt. Protein normalization
was done by stripping the immunoblots and reprobing with an antibody against p85. All of the above experiments were done at least three
times with similar results.

signaling is necessary for NGF-dependent survival of under three different conditions. The first condition con-
sisted of sympathetic neurons grown in mass culture.sympathetic neurons is controversial; some groups have

reported that PI3-K is required (Crowder and Freeman, Under these conditions, NGF (50 ng/ml) acts on recep-
tors located on both cell bodies and distal axons. The1998; Vaillant et al., 1999) while at least two others have

reported that PI3-K is not required (Philpott et al., 1997; second condition employed compartmentalized cul-
tures of sympathetic neurons in which NGF (50 ng/ml)Tsui-Pierchala et al., 2000) for NGF-dependent survival

of sympathetic neurons. We asked two questions about was present in the medium bathing both cell bodies and
distal axons. The third condition consisted of compart-the role of PI3-K as a mediator of NGF-dependent sur-

vival of sympathetic neurons. First, is PI3-K required mentalized cultures of sympathetic neurons in which
NGF (either 50 or 0.5 ng/ml) was present in the mediumfor survival of sympathetic neurons supported by NGF

acting directly on cell bodies and/or exclusively on distal bathing distal axons, but a-NGF was present in the me-
dium bathing cell bodies. The latter condition most ac-axons? Second, if PI3-K is necessary for survival of

neurons supported by NGF acting on distal axons, then curately reflects the natural mode of target-derived NGF
signaling in developing sympathetic neurons in vivo.in which cellular compartment is PI3-K required?

To address these questions, we compared the effects Interestingly, we found that inhibition of PI3-K had
remarkably different effects on NGF-dependent survivalof LY294002 on survival of sympathetic neurons grown
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bodies. In contrast, inhibition of PI3-K activity had a
more dramatic effect on survival of sympathetic neurons
grown under conditions in which they were supported
by NGF acting exclusively on distal axons (Figure 5B).
Under these growth conditions, application of LY294002
to both cell bodies and distal axons led to rapid apo-
ptotic death that exceeded 70% after 48 hr and was
nearly 100% after 72 hr (Figure 5B). The kinetics and
magnitude of cell death induced by LY294002 was simi-
lar to that seen after NGF withdrawal. Thus, these experi-
ments reveal a more critical role for PI3-K signaling in
sympathetic neurons supported by NGF acting exclu-
sively on distal axons than in neurons in which NGF actsFigure 2. TrkA Kinase Activity within Both Distal Axons and Cell
directly on cell bodies.Bodies Is Required for the Propagation of a Retrograde Signal to

Akt in the Cell Bodies of Sympathetic Neurons

Sympathetic neurons were grown in biochemistry chambers for 13 PI3-K Activity within Both Distal Axons and Cell
DIV. Seventy-two hours prior to the experiment, medium containing Bodies Contributes to Retrograde NGF
a-NGF was added to the cell bodies while the distal axons were Signaling and Survival
maintained in medium containing NGF. Then K252a (100 nM), a We next asked whether PI3-K signaling in distal axons,
specific inhibitor of Trk kinase activity, was added to either cell

cell bodies, or both contributes to survival of neuronsbodies or distal axons for 6 hr. Cell body and distal axon extracts
supported by NGF acting exclusively on distal axons.were prepared as before and subjected to immunoblotting with

an antibody against P-Akt. The P-Akt blot was later stripped and Inhibition of PI3-K exclusively in cell bodies for 72 hr
reprobed with an antibody against p85 to normalize for protein led to apoptosis in essentially all neurons (Figure 5B).
levels. Representative results from three independent experiments In addition, LY294002 application to distal axons of neu-
are shown. DA, distal axons; CB, cell bodies. rons supported by high concentration of NGF (50 ng/

ml) on distal axons led to significant apoptotic death of
neurons (Figure 5B), although the magnitude of the ef-of neurons depending on their growth conditions. Two
fect was small compared to LY294002 application to cellassays for assessment of apoptosis were used for these
bodies. The significant amount of cell death observedcell survival experiments. One assay employed Hoechst
under the latter conditions prompted us to ask whether33258, which is a chromatin stain that can reveal nuclear
inhibition of PI3-K in distal axons has a greater effectcondensation and fragmentation associated with apo-
on neurons supported by a low concentration of NGFptotic nuclei. The other assay employed immuno-
(0.5 ng/ml) in medium bathing distal axons. Indeed, thecytochemistry using an antibody that recognizes the
proapoptotic effect of LY294002 acting on distal axonscleaved, catalytically active form of caspase-3 (Sriniva-
was much more pronounced when the concentration ofsan et al., 1998). Application of LY294002 to mass cul-
NGF in medium bathing distal axons was lowered to 0.5tures was much less effective than a-NGF in promoting
ng/ml (Figure 5C). It is unlikely that LY294002 acting onapoptosis of sympathetic neurons (Figure 4B). While
distal axons exerts its effects by direct inhibition of PI3-Ka-NGF treatment led to near complete apoptosis of neu-
in cell bodies because application of NGF directly torons within 48 hr, LY294002 treatment led to z20%
cell bodies of neurons exposed to PI3-K inhibitors onapoptosis in mass cultures at this time point. In addition,
distal axons effectively activates phosphorylation of Aktz50% of neurons have normal nuclear morphology
in cell bodies (Figure 3A). Moreover, LY294002 appliedand low levels of caspase-3 immunoreactivity after
to distal axons does not kill neurons supported by NGFLY294002 treatment for 72 hr (Figure 4B). LY294002 was
acting directly on cell bodies (Figure 5A and data noteffective since it completely inhibited phosphorylation
shown). Therefore, PI3-K signaling within both cell bod-of Akt (Figures 3B and 3C), and similar results were seen
ies and distal axons contributes to survival of sympa-with multiple lots of the compound (data not shown).
thetic neurons supported by NGF acting exclusively onMoreover, while neurons exposed to a-NGF exhibited
distal axons.nuclear condensation and fragmentation as well as

strong caspase-3 immunoreactivity, many neuronstreated
with LY294002 for 72 hr exhibited nuclear condensation Inhibition of PI3-K Signaling in Distal Axons, but Not

Cell Bodies, Attenuates Retrograde Transportand strong caspase-3 immunoreactivity, but relatively
few of these neurons exhibited obvious signs of nuclear of NGF and Retrograde NGF Signaling

Why does inhibition of PI3-K signaling within distal ax-fragmentation (Figure 4A). Thus, while both LY294002
treatment and a-NGF treatment led to apoptotic death, ons lead to apoptosis of sympathetic neurons supported

by NGF acting exclusively on distal axons? One possibil-the kinetics and magnitude of the apoptotic response
were much more dramatic with a-NGF treatment, and ity is that PI3-K signaling in distal axons is necessary

for retrograde transport of an NGF/TrkA signaling com-the nuclear response to these treatments was qualita-
tively different. Very similar results were obtained in ex- plex. In support of this idea, Hendry and colleagues

showed that injection of PI3-K inhibitors into the eyeperiments using compartmentalized cultures in which
NGF was present in media bathing both cell bodies and attenuates retrograde transport of [125I]NGF to superior

cervical ganglia in vivo (Bartlett et al., 1997). Moreover,distal axons (Figure 5A). While a-NGF treatment was
effective at killing most of the neurons grown under PI3-K signaling has been implicated during ligand-

dependent trafficking of several receptor tyrosine ki-these conditions, only 33%–46% of neurons underwent
apoptosis after 3 days of exposure of LY294002 to cell nases, including the PDGF receptor (Joly et al., 1994,
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Figure 3. Selective Inhibition of PI3-K within Cell Bodies or Distal Axons of Sympathetic Neurons Grown in Compartmentalized Cultures

(A) Distal axons of 12 DIV sympathetic cultures grown in biochemistry chambers were placed in medium lacking NGF for 2 days. Then, the
cell body and distal axonal compartments were treated with either medium alone or medium containing a PI3-K inhibitor, wortmannin (100
nM), for 30 min. Subsequently, both cell bodies and distal axons were treated with NGF (200 ng/ml) for 15 min. Lysates prepared from the
cell body and distal axon compartments were resolved by SDS–PAGE and immunoblotted with an antibody against P-Akt. Protein levels were
normalized by stripping the P-Akt blot and reprobing with an antibody against a-tubulin.
(B) Inhibition of PI3-K in the cell bodies has no effect on P-Akt levels in the distal axons of sympathetic neurons. Sympathetic neurons were
grown in biochemistry chambers for 13 DIV. Medium containing a-NGF was added to the cell bodies 72 hr prior to the experiment while the
distal axons were maintained in medium containing NGF (200 ng/ml). Then, a specific inhibitor of PI3-K, LY294002 (50 mM), was added either
to cell bodies or distal axons for 8 hr. Cell body and distal axonal extracts were prepared as before and subjected to immunoblotting with
an antibody against P-Akt. The P-Akt immunoblot was then stripped and reprobed with an antibody against p85 to normalize for protein
levels.
(C) Twelve DIV sympathetic neurons grown in biochemistry chambers were maintained in medium containing a-NGF in the cell body compart-
ments and NGF (200 ng/ml) in distal axonal compartments. One set of compartmentalized cultures was then treated with LY294002 (100 mM)
only in the cell body compartment for 2 days while in another set of biochemistry chambers, LY294002 was added only to the distal axonal
processes for 2 days. Boiling laemmli extracts were prepared from the compartments containing cell bodies and distal axons. Western blots
were performed using the antibody specific for phosphorylated Akt, followed by stripping and reprobing the blot for p85 to normalize for
equal protein amounts. All of the above experiments were performed at least three times with similar results in each case. DA, distal axons;
CB, cell bodies.

1995) and the insulin receptor (Sasaoka et al., 1999) and, (Figure 6E) had no effect on retrograde transport of
[125I]NGF (Figure 6D). Since the above experiments reliedtherefore, may participate in NGF-dependent internal-

ization and/or retrograde movement of P-TrkA. To ex- upon pharmacological inhibition of PI3-K, we next as-
sessed the necessity for PI3-K activity for retrogradeplore the potential role of PI3-K in retrograde signaling,

we performed experiments to address the requirement transport of NGF in a complementary set of experiments
in which PI3-K was inhibited by a dominant-negativeof PI3-K in cell bodies and/or distal axons for retrograde

transport of NGF and retrograde TrkA signaling in com- form of p85 (Dp85). Dp85 blocks activation of endoge-
nous PI3-K because it cannot associate with the p110partmentalized sympathetic neurons.

To assess the requirement of PI3-K in cell bodies catalytic subunit. Neurons infected with an adenovirus
encoding Dp85 displayed an increase in amounts ofand/or distal axons for retrograde transport of NGF, we

exposed distal axons to [125I]NGF and then measured the p85 and a decrease in amounts of P-Akt compared to
neurons infected with a control adenovirus encodingappearance of radiolabeled ligand in extracts prepared

from cell bodies. These experiments were done under LacZ (Figure 7B). Importantly, neurons expressing Dp85
exhibited a reduction in retrograde transport of [125I]NGFconditions in which PI3-K was inhibited by LY294002

applied to either cell bodies or distal axons for 8 hr. compared to LacZ-infected neurons (Figure 7A). Taken
together with pharmacological experiments describedSimilar experiments were done using the Trk inhibitor

K252A and the specific MEK inhibitor UO126. Inhibition above, we conclude that PI3-K signaling, but not MEK-
ERK signaling, is necessary for retrograde transport ofof PI3-K in distal axons, but not in cell bodies, attenuated

retrograde transport of [125I]NGF by z80% (Figures 6B NGF.
We next assessed the role of PI3-K signaling in distaland 6C). Likewise, inhibition of TrkA activity in distal

axons blocked retrograde transport of [125I]NGF (Figure axons in retrograde TrkA signaling and retrograde ap-
pearance of an NGF/P-TrkA complex in cell bodies.6A). In contrast, complete inhibition of MEK with UO126
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Figure 4. Inhibition of PI3-K Attenuates NGF-Dependent Survival of Sympathetic Neurons Grown in Mass Cultures

(A) Apoptotic cell death of sympathetic neurons treated with a-NGF and the PI3-K inhibitor LY294002. Sympathetic neurons that were
maintained in medium containing NGF (50 ng/ml) (top panel), NGF (50 ng/ml) plus LY294002 (100 mM) for 72 hr (middle panel), or a-NGF for
48 hr (bottom panel) were stained with Hoechst 33258 dye to identify apoptotic neurons. Arrowheads indicate representative apoptotic neurons
with shrunken soma and bright, condensed nuclei (middle panel) and fragmented nuclei (bottom panel). The neurons were also stained with
an antibody directed against cleaved, activated form of caspase-3. Scale bar 5 20 mM.
(B) Quantitation of the effects of PI3-K inhibition on NGF-dependent survival of mass sympathetic neuronal cultures. Sympathetic neurons,
grown in mass cultures for 10–11 DIV in medium containing NGF (50 ng/ml) were subsequently maintained in NGF-containing medium or
treated either with a-NGF for 48 hr or with NGF (50 ng/ml) and the specific PI3-K inhibitor LY294002 (100 mM) for 48 hr or 72 hr, respectively.
A neuron was scored as apoptotic if it displayed shrunken soma, fragmented or condensed nuclei, or no nucleus as assessed with Hoechst
33258 dye (Hoechst dead) and was strongly immunoreactive for the cleaved, active form of caspase-3. Results are presented as mean 6

SEM from two independent experiments done in triplicate for each condition. The data are presented as percent of total number of cells
counted for viability. Asterisk, p , 0.001 significantly different from control cultures treated with NGF as assessed by one-way ANOVA followed
by a Tukey-Kramer test.

Ligand-dependent retrograde TrkA signaling was as- extracts prepared from cell bodies was less when distal
axons were exposed to wortmannin compared to un-sessed by P-Trk immunoblotting using extracts pre-

pared from cell bodies and distal axons of compartmen- treated neurons (Figure 8B). Importantly, pharmacologi-
cal inhibition of PI3-K signaling in distal axons did nottalized neurons after addition of NGF to distal axons

that had been untreated or treated with LY294002. Inhi- affect formation of an [125I]NGF/TrkA complex (Figure
8B) or the phosphorylation of TrkA (Figure 8A) in distalbition of PI3-K in distal axons led to an attenuation of

the appearance of P-TrkA (Y490) in cell bodies (Figure axons, indicating that TrkA levels on the surface of distal
axons are not affected by our treatments. Taken to-8A). Moreover, inhibition of PI3-K in distal axons led to

a decrease in appearance in cell bodies of downstream gether, these results indicate that PI3-K signaling in dis-
tal axons contributes to retrograde transport of NGF,effectors, including P-MAPK (data not shown) and P-Akt

(Figures 3B and 3C). The appearance of an NGF/TrkA appearance of NGF/TrkA complexes in cell bodies, and
retrograde P-TrkA signaling.complex in cell bodies after treatment of distal axons

with NGF was also attenuated after inhibition of PI3-K
in distal axons (Figure 8B). For these experiments, distal PI3-K Signaling Is Necessary for Initiation, but Not

Propagation, of Retrograde Transport of NGFaxons were treated with [125I]NGF, and TrkA/[125I]NGF
complexes were coprecipitated from extracts prepared The observations that inhibition of PI3-K signaling within

distal axons attenuates retrograde transport and retro-from cell bodies using anti-TrkA. We found that the
amount of coprecipitation of TrkA and [125I]NGF from grade signaling suggest that PI3-K is necessary for ei-
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Figure 5. PI3-K Activity in Both Cell Bodies and Distal Axons Contributes to NGF-Dependent Survival of Sympathetic Neurons Supported by
NGF Acting Exclusively on Distal Axons

(A) Sympathetic neurons were grown in conventional Campenot chambers for 10–11 DIV and the cell body and distal axon compartments
were both incubated with medium containing 50 ng/ml NGF. Under these conditions, cultures were treated with LY294002 (100 mM) added
exclusively to either the cell body or distal axonal compartments for 48 hr (top panel) or 72 hr (bottom panel), respectively. Some cultures
were incubated with medium containing a-NGF in both cell body and distal axonal compartments for 48 hr. Results are mean 6 SEM from
three independent experiments with a total number of cultures per condition as indicated below each bar. Asterisk, p , 0.01 statistically
different from control cultures maintained with NGF in both compartments as determined by one-way ANOVA followed by a Tukey-Kramer
test.
(B) In sympathetic neurons maintained with NGF only at the distal axons, PI3-K signaling in cell bodies is crucial for NGF-dependent survival.
Sympathetic neurons grown in conventional Campenot chambers were maintained with a-NGF on cell bodies and NGF (50 ng/ml) on distal
axons for 10–11 DIV. Some of the cultures were incubated with medium containing a-NGF in both cell body and distal axonal compartments.
In other conditions, cultures were treated with LY294002 (100 mM) applied to either cell body or distal axonal compartments or both for either
48 hr (top panel) or 72 hr (bottom panel). Apoptotic cells were identified as described in Figure 4. Results are mean 6 SEM from two (bottom
panel) or three (top panel) independent experiments using measurements from the number of cultures (n) for each condition as indicated
below each bar. Results are presented as percent of total number of cells counted for the viability assays. Asterisk, p , 0.001 statistically
different from control cultures maintained with a-NGF on cell bodies and NGF on distal axons, as determined by one-way ANOVA followed
by a Tukey-Kramer test.
(C) Eleven DIV sympathetic neurons were grown in Campenot chambers with medium containing a-NGF bathing the cell bodies while the
distal axons were incubated in medium containing 0.5 ng/ml of NGF. The distal axonal processes were treated with or without LY294002 (100
mM) for 72 hr. Asterisk, p , 0.001 significantly different from control cultures maintained with a-NGF on cell bodies and 0.5 ng/ml NGF on
distal axons as determined by a paired Student’s t test.

ther initiation or propagation of retrograde transport fore, application of LY294002 to far-distal axons, where
NGF binds to its receptors, attenuated retrograde trans-within axons, or both. To distinguish between these pos-

sibilities, we performed experiments using LY294002 port of [125I]NGF to cell bodies. In contrast, application
of LY294002 to medium bathing axons within the middleapplied to axons of neurons grown in three compartment

chambers. In three compartment chambers, axons of compartment did not affect retrograde transport of
[125I]NGF. These experiments indicate that PI3-K signal-sympathetic neurons project underneath two barriers

(Figure 9A). Thus, media bathing cell bodies, distal ax- ing is necessary for initiation, but not propagation, of
retrograde transport of NGF in sympathetic neurons.ons (M), and far distal axons (D) can be treated sepa-

rately. [125I]NGF added to medium bathing far-distal ax-
ons is retrogradely transported to cell bodies of neurons Discussion
grown in three-compartment chambers (Figures 9B and
9C). LY294002 was added either to medium bathing NGF acting exclusively on distal axons of sympathetic

neurons promotes both local axon growth and retro-distal axons or medium bathing far-distal axons. As be-
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Figure 6. PI3-K Signaling in the Distal Axons Is Necessary for Retrograde Transport of NGF

(A) Inhibition of TrkA kinase activity in the distal axons attenuates the retrograde transport of [125I]NGF. Distal axons of 12 DIV sympathetic
neuronal cultures grown in biochemistry chambers were washed to remove NGF and then either incubated with medium alone (minus sign)
or with medium containing K252a (100 nM) for 30 min. Then distal axons were incubated with medium containing [125I]NGF for 8 hr. Extracts
prepared from cell body compartments were resolved by SDS–PAGE gel, dried, and subjected to autoradiography as described in Experimental
Procedures.
(B) Inhibition of PI3-K in the distal axons attenuates the retrograde transport of [125I]NGF. The distal axons of 12 DIV sympathetic neurons
grown in biochemistry chambers were washed and then either incubated with medium alone (minus sign) or with medium containing LY294002
(100 mM) for 30 min. The distal axons were then incubated with medium containing [125I]NGF for 8 hr. Shown is [125I]NGF autoradiography of
extracts prepared from cell body compartments. In both (A) and (B), extracts were also subjected to immunoblotting with an antibody against
p85 to demonstrate equal protein amounts in the samples.
(C) Inhibition of PI3-K in the cell bodies has no effect on retrograde transport of [125I]NGF. The cell bodies of 12 DIV sympathetic neurons were
incubated with medium containing a-NGF alone or anti-NGF and LY294002 (100 mM) for 8 hr. The distal axonal processes were incubated
with medium containing [125I]NGF. After 8 hr, extracts were prepared from cell body compartments as above and subjected to autoradiography.
The remainder of the extracts were subjected to immunoblotting using an antibody directed against p85.
(D) Inhibition of MEK in the distal axons has no effect on retrograde transport of [125I]NGF. The distal axons of 12 DIV sympathetic neurons
grown in biochemistry chambers were washed and then either incubated with medium alone (minus sign) or the MEK inhibitor UO126 (50 mM)
for 8 hr. Shown is the [125I]NGF autoradiography using extracts prepared from cell body compartments and normalization for equal protein
amounts in the samples by immunoblotting for p85.
(E) Application of the MEK inhibitor U0126 to the distal axons blocks the activation of ERKs but has no effect on P-Akt levels in the distal
axons. The distal processes of 12 DIV sympathetic neurons grown in biochemistry chambers were treated as described in (D). Extracts
prepared from cell body and distal axonal chambers were subjected to immunoblotting using an antibody specific for the phosphorylated
form of ERK1 and ERK2. The immunoblot was later stripped and reprobed for P-Akt and then for p85 to normalize for protein amounts.
(F) Quantitation of the effects of inhibition of TrkA kinase activity, PI3-K and MAPK pathways in distal axons, and PI3-K in cell bodies on the
retrograde transport of [125I]NGF. Results are presented as mean 6 SEM from three independent experiments. The data are presented as a
percent of [125I]NGF found in cell bodies of chambers that were left untreated. Asterisk, p , 0.001 statistically different from control cultures
maintained with a-NGF on cell bodies and NGF on distal axons, as determined by one-way ANOVA followed by a Tukey-Kramer test. DA,
distal axons; CB, cell bodies.

grade signaling, which supports gene expression and because it is critical for initiation of retrograde trans-
port in distal axons and retrograde signaling to cell bod-survival. We found that NGF acting exclusively on distal

axons regulates PI3-K signaling in distal axons and ret- ies. Thus, a single TrkA effector pathway has multiple
roles within spatially distinct cellular locales duringrogradely in cell bodies. Interestingly, PI3-K signaling

within both cell bodies and distal axons contributes to NGF-dependent growth and survival of sympathetic
neurons.survival of sympathetic neurons. PI3-K signaling within

cell bodies is absolutely critical for survival, probably How does NGF acting on distal axons regulate PI3-K
signaling within cell bodies? Our data support the ideabecause it promotes activation of Akt and other down-

stream prosurvival effectors. In contrast, PI3-K signaling that retrograde regulation of PI3-K occurs through a
mechanism that is dependent upon retrograde TrkA sig-in distal axons may indirectly contribute to survival
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Figure 7. A Dominant-Negative p85 Inhibits Retrograde Transport of [125I]NGF in Compartmentalized Sympathetic Neurons

(A) Adenovirus-mediated expression of the dominant negative form of the p85 regulatory subunit of PI3-K (Dp85) in sympathetic neurons
inhibits the retrograde transport of [125I]NGF. Eleven to twelve DIV sympathetic neurons grown in biochemistry chambers were infected with
adenoviral vectors encoding either b-galactosidase (LacZ) or dominant-negative p85 (Dp85) for 16 hr in DMEM containing 1% FBS and BAF
(a nonselective caspase inhibitor, 50 mM). The cells were then transferred to regular media supplemented with BAF (50 mM), and 36 hr later,
the distal axons were washed three times with PBS and incubated with medium containing [125I]NGF for 8 hr. Extracts prepared from cell body
and distal axon compartments were resolved on a 17% SDS–PAGE gel and then subjected to autoradiography or immunoblotting using an
antibody against a-tubulin.
(B) Expression of Dp85 in compartmentalized cultures of sympathetic neurons attenuates the activation of Akt. Extracts prepared from cell
body and distal axon compartments were subjected to immunoblotting using antibodies specific for p85 and P-Akt.
(C) Quantification of the effects of overexpression of dominant-negative p85 on the retrograde transport of [125I]NGF. Results are mean 6 SEM
from three independent experiments. The data are presented as a percent of the radioactivity found in cell bodies of chambers that were
infected with the control LacZ adenovirus. Asterisk, p , 0.001 statistically different from LacZ-infected cultures, as determined by one-way
ANOVA followed by a Tukey-Kramer test.

naling. The kinetics of appearance of P-Akt and phos- ies. Similar results with mass cultures were reported
photyrosine-associated PI3-K activity in cell bodies are by Crowder and Freeman (1998). These observations
coincident with the appearance of P-TrkA in that cellular indicate that PI3-K-independent mechanisms contrib-
compartment. Also, inhibition of TrkA activity in cell bod- ute to survival of sympathetic neurons supported by
ies blocks the appearance of P-Akt in cell bodies. Thus, NGF acting directly on cell bodies. In contrast, inhibition
TrkA signaling exclusively within distal axons is not suffi- of PI3-K in neurons supported by NGF acting exclusively
cient to support PI3-K/Akt signaling within cell bodies. on distal axons was nearly as effective as a-NGF in
Likewise, compartmentalized LY294002 experiments in- promoting apoptosis. At least two explanations could
dicate that PI3-K activity within cell bodies is critical for account for the differential requirement for PI3-K de-
production of P-Akt in cell bodies; P-Akt generated by pending on the site of action of NGF. One possibility is
PI3-K signaling in distal axons does not translocate to that NGF acting directly on cell bodies leads to produc-
cell bodies. tion of a PI3-K-independent survival signal that is not

activated by NGF acting exclusively on distal axons. A
second possibility is that signaling pathways activatedPI3-K Signaling Is Required for Survival
by NGF acting on cell bodies and distal axons are identi-of Sympathetic Neurons Supported
cal but that the magnitude of activation of a PI3-K-by NGF Acting on Distal Axons
independent survival signal is different. Since the Raf-We found that withdrawal of NGF is more effective than
ERK pathway may contribute to NGF-dependent sur-inhibition of PI3-K in promoting apoptosis of neurons
vival of sympathetic neurons (Mazzoni et al., 1999;grown in mass cultures, in which NGF acts directly on
Kaplan and Miller, 2000), it is possible that this pathwaycell bodies and distal axons, or of compartmentalized

neurons supported by NGF acting directly on cell bod- more effectively supports survival when NGF is acting
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Figure 8. Inhibition of PI3-K in Distal Axons Attenuates TrkA Signaling and Retrograde Transport of an NGF-TrkA Complex

(A) Inhibition of PI3-K in the distal axons attenuates the appearance of phosphorylated TrkA in cell bodies. Twelve DIV sympathetic neuronal
cultures grown in biochemistry chambers were maintained with a-NGF on cell bodies and NGF (100 ng/ml) on distal axons. The distal axons
were then either left untreated or treated with LY294002 (50 mM) for 8 hr. Extracts prepared from cell body and distal axonal compartments
were subjected to immunoblotting using the P-TrkA (Y490) antibody. The immunoblot was later stripped and reprobed for p85.
(B) Inhibition of PI3-K in the distal axons attenuates the retrograde movement of the NGF/TrkA complex. The distal axons of 12 DIV sympathetic
neuronal cultures grown in biochemistry chambers were incubated with medium alone (-) or with wortmannin (100 nM) for 30 min and then
treated with [125I]NGF for 8 hr as described above. TrkA was then immunoprecipitated from lysates prepared from cell body and distal
axonal compartments. The immunoprecipitates were resolved on a 17% gel and subjected to autoradiography to visualize the [125I]NGF that
coprecipitates with TrkA from the cell bodies and distal axons. Immunoblotting with the p85 antibody was performed on the supernatants to
ensure that the samples had equal protein amounts. All experiments were done three times with similar results.

directly on cell bodies. In support of this idea, we have for the finding that inhibition of PI3-K in distal axons has
more dire consequences for neurons supported by 0.5observed that NGF acting directly on cell bodies is more

effective than NGF acting exclusively on distal axons ng/ml NGF acting on distal axons than for those sup-
ported by 50 ng/ml NGF acting on distal axons. Neuronsfor activation of ERK phosphorylation within cell bodies

(unpublished data). The identity of PI3-K-independent grown in a low, submaximal concentration of NGF are
more vulnerable than neurons supported by a high con-TrkA survival pathways is of considerable interest be-

cause some neurons, such as cortical neurons, may centration of NGF to a 65%–80% reduction in retrograde
signaling.normally respond to neurotrophins acting directly on cell

bodies or dendrites. Thus, our observations highlight The precise role of PI3-K signaling in distal axons for
ligand-dependent internalization, retrograde transport,the importance of the mode of neuronal stimulation for

addressing questions regarding the nature of the signal- and retrograde signaling is not clear. It is possible that
products of the PI3-K catalyzed reaction are critical foring pathway(s) that support survival. It is clear from the

present study that the PI3-K effector pathway is critical the ligand-dependent production of clathrin-coated pits,
into which NGF and TrkA are initially internalized (Grimesfor survival of sympathetic neurons supported by NGF

acting exclusively on distal axons, its normal site of et al., 1996, 1997). In support of this idea, there is an
essential role for the pleckstrin homology (PH) domain ofaction in vivo.
the GTPase dynamin for receptor-mediated endocytosis
(Achiriloaie et al., 1999). Further, we have recently shownPI3-K in Distal Axons Supports Initiation

of Retrograde Transport and that dynamin is required for retrograde transport of NGF
in sympathetic neurons (RK, HY, and DDG; unpublishedRetrograde Signaling

Our results support the idea that PI3-K signaling within data). Since the dynamin PH domain binds to phospho-
inositide products of the PI3-K-catalyzed reaction (Salimboth cell bodies and distal axons is necessary for sur-

vival of neurons supported by NGF acting on distal ax- et al., 1996), PI3-K activity associated with TrkA may
be critical for recruitment of dynamin to regions of theons. Moreover, the requirement of PI3-K signaling in

distal axons was more apparent when a submaximal plasma membrane destined to invaginate to form NGF/
TrkA-containing clathrin-coated signaling organelles.concentration of NGF was used to support survival. How

does PI3-K signaling within distal axons contribute to Similarly, AP-2, which is involved in clathrin coat forma-
tion and vesicle sorting at the plasma membrane, con-survival? We found that PI3-K activity in distal axons

controls retrograde NGF transport and retrograde sig- tains an amino-terminal phosphoinositide binding do-
main that is required for its targeting to the plasmanaling, which may be critical for survival. Complete inhi-

bition of PI3-K in distal axons, as assessed by levels of membrane (Gaidarov and Keen, 1999). Thus, it is tempt-
ing to speculate that PI3-K signaling in distal axons isP-Akt, attenuated retrograde transport of NGF by z80%

in two compartment chambers and 65% in three com- needed for survival because this TrkA effector controls
membrane recruitment of key regulators of NGF/TrkApartment chambers. Thus, there is a small but significant

amount of retrograde transport that occurs in a PI3-K- endocytosis and retrograde TrkA signaling.
If PI3-K in distal axons is required for retrograde sig-independent manner. These observations may account
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Figure 9. PI3-K Signaling in the Distal Axons Is Required for the Initiation but Not Propagation of Retrograde Transport of [125I]NGF

(A) Schematic representation of three-compartmentalized cultures of sympathetic neurons. Dissociated sympathetic neurons were plated in
the left-most compartment and the axons projected under two Teflon dividers that are at least 3 mm apart from each other. The left-most
compartment contained the cell bodies and proximal axons, the middle compartment contained distal axons (M), while the far-right compartment
contained the far-distal axonal processes and axon terminals (D).
(B) The cell body and midaxonal processes of sympathetic neurons plated in three-compartment chambers were bathed in medium containing
a-NGF while the far-distal processes were bathed in medium containing NGF. The cultures were then left untreated or incubated with medium
containing LY294002 (100 mM) either in the middle compartments (M) or in the far-distal compartments (D) for 30 min. Then far-distal axons
and terminals of all cultures were placed in medium containing [125I]NGF (10 ng/ml) for 24 hr. Extracts were prepared from the three different
compartments and resolved by SDS–PAGE and the gels were subjected to autoradiography to visualize the [125I]NGF retrogradely transported
to cell bodies.
(C) Quantitation of the effects of PI3-K inhibition in middle and far-distal compartments on retrograde transport of [125I]NGF to cell bodies.
Quantification of [125I]NGF associated with cell bodies was done using Phosphorimager analysis, and the results are mean 6 SEM from five
independent experiments. Results are presented as percent of values obtained from untreated control cultures. Asterisk, p , 0.05 statistically
different from both control cultures and cultures treated with LY294002 in the middle compartments as determined by one-way ANOVA
followed by a Tukey-Kramer test.

naling, what is the role of PI3-K in cell bodies in neurons that they are present in distal axons but cannot move
in the phosphorylated forms from distal axons to cellsupported by NGF acting exclusively on distal axons?

Inhibition of PI3-K in cell bodies led to near complete bodies to affect the apoptotic machinery. As mentioned
above, P-Akt itself does not move from distal axons toapoptosis of neurons within 48 hr, but inhibition of PI3-K

exclusively in cell bodies did not affect retrograde trans- cell bodies to an appreciable extent so the same is likely
to be true for products of Akt-catalyzed phosphorylationport of NGF. Under these conditions, P-Akt in cell bodies

was completely blocked, but levels of P-Akt in distal reactions.
Growth factor signal transduction mechanisms in neu-axons were unaffected. These observations indicate

that PI3-K and Akt signaling in distal axons alone cannot rons are arguably more complex than in most other cell
types due to the striking morphological specializationssupport neuronal survival. Since constitutively active

PI3-K and Akt can support survival of sympathetic neu- of neurons. Most neurons have long axons that can
extend centimeters or even one meter from their cellrons, we speculate that PI3-K signaling in cell bodies is

necessary for survival because it supports Akt signaling bodies, and target-derived growth factor signals must
be propagated over long distances to influence survivaland phosphorylation of Akt substrates that mediate the

prosurvival effects of PI3-K. Indeed, it seems likely that and gene expression within cell bodies. These retro-
grade signals must be integrated with signals comingmany of the substrates of Akt function, at least in part,

within cell bodies. Substrates of Akt include BAD, cas- from dendrites and those emanating from the membrane
of the cell body itself. The present study shows that thepase-9, IKK, the transcription factor forkhead, and, pos-

sibly, CREB (Datta et al., 1999; Kaplan and Miller, 2000). same NGF effector pathway, the PI3-K pathway, can
have different functions in distinct parts of the sameBy extension, our data support the idea that phosphory-

lation of Akt substrates within distal axons cannot sup- neuron during long-range retrograde signaling. Interest-
ingly, the activity of the PI3-K signaling in distal axonsport neuronal survival. This may be because critical sub-

strates of Akt are either not present in distal axons or indirectly regulates TrkA signaling pathways, including
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dried and subjected to autoradiography to visualize the product,the PI3-K effector pathway, in cell bodies. Thus, there
phosphatidylinositol 3-phosphate (PI3-P).exists interdependence of TrkA effector pathways in

distinct cellular locales whereby ligand-dependent TrkA
effector signaling in one compartment, the distal axon, Cell Survival Assays

Neurons were washed three times with PBS and were then subjectedcontrols effector signaling in another, the cell body.
to the various treatments as indicated. Media was changed every
24 hr to maintain efficacy and compartmentalization of treatments.Experimental Procedures
After treatment, neurons were fixed in 4% paraformaldehyde at
room temperature for 20 min. Fixed cells were incubated in blockingSympathetic Neuron Cultures
buffer (PBS containing 2% bovine serum albumin, 0.2% nonfat milkSuperior cervical ganglia were dissected from embryonic age 19–20
powder, 2% normal goat serum, and 0.4% Triton-100) at room tem-to postnatal day 1 (P1) rats, enzymatically dissociated, and cells
perature for 1 hr. The cells were then incubated in blocking bufferplated in mass cultures or compartmentalized Camp10 or biochem-
containing the polyclonal CM1 antibody, which recognizes theistry chambers as described previously (Tsui-Pierchala and Ginty,
cleaved form of caspase-3, (1:2000 dilution; IDUN Pharmaceuticals,1999). Seventy-two hours prior to experiments, a neutralizing anti-
La Jolla, CA) after which the cells were washed three times withbody to NGF (1:1000; Sigma, St. Louis, MO) was added to the cell
wash solution (PBS containing 0.2% Tween-20). The cells were thenbody compartments while the distal axons were maintained in cul-
incubated in blocking buffer containing secondary antibody (goatture medium containing NGF (100–150 ng/ml).
a-rabbit conjugated to Texas red; 1:500 dilution; Molecular Probes,
Eugene, OE) and Hoechst 33258 dye (10 mg/ml; Molecular Probes)

Immunoprecipitations, Immunoblotting, and Antibodies at room temperature for 1 hr. Then, neurons were washed three
For immunoprecipitations, the cell body and distal axonal compart- times with wash solution, mounted with Fluoromount-G (Southern
ments of compartmentalized cultures were washed three times with Biotechnology Associates, Birmingham, AL) and counted for viabil-
ice-cold phosphate-buffered saline (PBS) and then extracts pre- ity as indicated in figure legends.
pared by incubation for 30 min with Tris-buffered saline (TBS) con-
taining Nonidet P-40 (1%), glycerol (10%), leupeptin (10 mg/ml),

Adenoviral Infectionsaprotinin (1 mg/ml), PMSF (100 mM), and sodium orthovanadate
The recombinant adenovirus expressing LacZ was provided by Dr.(500 mM) as described previously (Tsui-Pierchala and Ginty, 1999).
Jeffrey E. Pessin (University of Iowa, Iowa City, IA) and the recombi-Lysates from cell body and distal axon compartments were prepared
nant adenovirus encoding dominant-negative p85 (AxCADp85) wasfrom 3–4 biochemistry chambers for each condition. The lysates
provided by Dr. Wataru Ogawa (Kobe University, Kobe, Japan). Thewere clarified by centrifugation at 13,000 rpm at 48C and the super-
dominant-negative p85 contains a 35 amino acid deletion within thenatants subjected to immunoprecipitation. For PI3-K assays, phos-
inter-SH2 domain, necessary for binding the catalytic subunit ofphotyrosine-associated PI3-K was precipitated using a monoclonal
PI3-K (Kotani et al., 1999). Sympathetic neurons were grown forphosphotyrosine antibody 4G10 (1:500 dilution; Upstate Biotechnol-
11–12 DIV in biochemistry chambers and then infected for 16 hr withogy, Lake Placid, NY) and 60 ml of a protein A–agarose slurry (Santa
the purified recombinant adenoviruses. The nonselective caspaseCruz Biotechnology, Santa Cruz, CA). The suspension was rotated
inhibitor BAF (50 mM) was included in the medium. Thirty-six hoursgently at 48C for 2 hr following which immune complexes were
following infection, the distal axons of the compartmentalized cul-washed 3 times each with ice cold PBS containing Nonidet P-40
tures were washed free of NGF and then incubated with medium(1%), PBS containing 0.5 M LiCl and TBS. The immune complexes
containing [125I]NGF for 8 hr.were then used for in vitro PI3-K assays. Trk immunoprecipitations

were done using an affinity-purified pan-Trk polyclonal antibody
(Trk C14, 1:100 dilution; Santa Cruz Biotechnology) and protein

[125I]NGF AssaysA–agarose. For immunoblotting of whole-cell extracts, extracts from
The distal axons and terminals of sympathetic neurons grown incell body and distal axonal compartments were prepared by adding
biochemistry chambers were washed three times with PBS to re-boiling laemmli buffer (13) directly to the compartments. Immu-
move NGF. In order to inhibit PI3-K, TrkA, or MEK in the distalnoblots were blocked for 1 hr in TBS containing 5% milk and 0.1%
axons or cell bodies, medium containing the inhibitors LY294002Tween-20, followed by incubation with the primary antibody in the
(Calbiochem-Novachem, San Diego, CA), wortmannin (Sigma),same solution, overnight at 48C. The immunoblots were washed
K252a (Calbiochem), or the specific MEK inhibitor U0126 (Calbio-three times with TBST and then incubated at room temperature for
chem) was added to the requisite compartments (see figure leg-1 hr with the secondary antibody (1:1000 dilution of a-rabbit IgG
ends). Then, the distal axons and terminals were incubated in me-horseradish peroxidase for P490 TrkA, and P-Akt and 1:5000 dilution
dium containing [125I]NGF (10 ng/ml; specific activity 2000 Ci/mmol;for p85 subunit of PI3-K and 1:5000 dilution of the a-mouse IgG
Amersham) for 8 hr. Extracts from cell body and distal axonal com-horseradish peroxidase for P-ERK). The immunoblots were washed
partments were prepared by adding boiling laemmli buffer directlythree times with TBST after the secondary antibody incubation and
to the individual compartments and electrophoresed by SDS–PAGE.detected using ECL Plus (Amersham Pharmacia Biotech, Piscata-
The dried gels were subjected to autoradiography to visualizeway, NJ). Normalization for equal protein amounts was done by
[125I]NGF. The amount of [125I]NGF retrogradely transported to cellstripping and reprobing immunoblots with a polyclonal antibody
bodies was quantified using Phosphorimager analysis and a STORMdirected against p85 (1:1000 dilution, Upstate Biotechnology, Lake
860 image analyzer. In some experiments, lysates prepared fromPlacid, NY) or against a-tubulin (1:10000, Sigma). The different anti-
cell body and distal axonal compartments were subjected to Trkbodies used in this study include a P-TrkA (Y490) (Tyr-490) (1:500
immunoprecipitations as described previously (Tsui-Pierchala anddilution), P-Akt (Ser-473) (1:1000 dilution), and a P-p44/42 MAPK
Ginty, 1999). The Trk immunoprecipitates were then washed, re-(Thr-202/Tyr-204) antibody (1:1000 dilution), all of which were pur-
solved by SDS–PAGE, and the amount of [125I]NGF in immune com-chased from New England Biolabs (Beverly, MA).
plexes assessed as above.
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