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Abs t Eric C. Beattie

Nerve growth factor (NGF) is required for the proper growth and maintenance of
specific sets of central and peripheral neurons. This polypeptide growth factor binds two
receptors, the receptor tyrosine kinase (RTK) gpl40™™A* (TrkA), and the single
transmembrane glycoprotein, p75. NGF binding initiates the retrograde transport of a
trophic signal from the tips of neuronal processes to the cell’s nucleus. The nature of this
retrogradely trafficked trophic signal has been unclear.

This thesis presents data that support signaling of TrkA from endosomal
structures and suggest that these signaling endosomes are a key component of the
retrogradely trafficked trophic signal. Our biochemical analyses of endosomal fractions
from NGF-treated pheochromocytoma (PC12) cells provide the following indicators of
TrkA signaling activity: 1) TrkA and NGF can be chemically cross-linked; 2) TrkA is
tyrosine phosphorylated; and 3) the downstream signaling molecules, PLC-y and Shc, can
be found phosphorylated and associated with TrkA.

Confocal microscopy studies were performed to investigate the initial steps of
TrkA’s trophic signaling journey into the cell. These studies show increased
colocalization of TrkA and the coated pit endocytosis proteins, clathrin and AP2, after
NGF application. These data suggest that these proteins contribute to TrkA endocytosis.
Further studies demonstrated a NGF-induced redistribution of clathrin from the cytosol to
the plasma membrane that was dependent on TrkA kinase activity.

Clathrin and AP2 have been shown to be involved with the endocytosis of other

RTKs (e.g.-EGF-R), but the control of this process has been poorly understood. We
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hypothesized that TrkA, p75, or both mediate clathrin’s redistribution. Our biochemical
and confocal studies indicated that: 1) TrkA, and not p75, is responsible for this
redistribution; and 2) disruption of signaling by TrkA mutation prevents this action. It
was found that NGF treatment caused clathrin heavy chain phosphorylation and the
formation of complexes containing TrkA and the following proteins: clathrin, AP2, and
the non-receptor kinase pp60°°. Studies involving EGF-R effects on clathrin
redistribution and phosphorylation showed that EGF acted similarly, confirming that at
least these two RTK'’s induce redistribution and phosphorylation of clathrin. These

studies also identify pp60° as the kinase responsible for clathrin phosphorylation.
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Chapter 1

Introduction

NGF and NGF Receptors
Nerve growth factor (NGF) is a member of the neurotrophin family, which
includes brain derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), and NT-4/5.
These polypeptides bind specifically to members of the Trk receptor tyrosine kinase
(RTK) family. NGF binds to gp140™™ (TrkA), BDNF and NT4/5 bind TrkB, while NT-
3 and NT4/5 bind with highest affinity to TrkC with low levels of crossover binding to
the other Trks (Yuen et al., 1996). All neurotrophins also bind to the single
transmembrane glycoprotein receptor, p75. A number of distinct signaling receptor
complexes may exist for each of the neurotrophins, and high and low-affinity binding has
been detected. High affinity (Kd=10 ") complexes have been best characterized for
NGF; they demonstrate very slow ligand dissociation and have been called slowly-
dissociating receptors. They are likely to be formed by heterodimeric complexes of Trk
and p75 and by Trk homodimers. Monomeric complexes involving just Trk or p75 show
low-affinity binding (Kd=10 ~°) (Ross et al., 1996; Wolf et al., 1995; Wolf et al., 1998)
(Yuen et al., 1996).
Significantly, signaling arises from the Trks in Trk homodimers. Signaling from
TrkA is initiated when a dimer of NGF brings together two TrkA receptors on the
neuron’s cell surface. This allows the kinase domains of TrkA to transphosphorylate
specific tyrosine residues on the receptor’s carboxy-terminal which in turn allows for the

binding of cytosolic signaling molecules. Shc (SRC homology protein), and



phospholipase C-gamma (PLC-y) are two such proteins that function in the initial steps of
TrkA's signal cascade. These proteins feed into the Ras/MAP kinase and protein kinase C
(PKC) pathways respectively, which ultimately results in the translation of survival and
differentiation-promoting proteins (Kaplan, 1997).

Signaling from p75, and the receptor complex responsible, is not well
characterized, but various groups have shown NGF-induced stimulation of the
sphingomyelin pathway through this NGF receptor (Dobrowsky et al., 1994). Other
groups supply evidence for the antagonistic signaling roles of p75 and TrkA with regards

to control over apoptosis (Bredesen and Rabizadeh, 1997).

A signaling endosome hypothesis

When bound by NGF, TrkA signals to support the survival and differentiation of a
subset of neurons in the central and peripheral nervous system (Kaplan and Miller, 1997,
Yuen et al., 1996). NGF is a target-derived factor. Thus, signaling must begin at receptors
on axon terminals. The mode of delivery of this survival signal along neuronal processes
to the cell nucleus has been unclear until now. Axon terminals may be a great distance
from the cell’s soma and nucleus (Hendry, 1992). Simple diffusion of cytosolic signaling
proteins stimulated by activated TrkA is unlikely to account for retrograde trophic
signaling.

We hypothesized that TrkA acts as this retrograde signal. Our studies in Chapters
2, 3, and 4 suggest a TrkA signaling endosome as the means for retogﬁely transporting
the NGF signal. This scenario is modeled in the diagram below that depicts the journey of

a TrkA-containing vesicle down the axon of a neuron to the cell body. Our data suggest



that this journey begins with the internalization of NGF-bound TrkA in clathrin coated
pits prior to the formation of NGF/TrkA-containing coated vesicles and transport
vesicles. As our studies in Chapter 3 suggest, when these vesicles reach the cell body
TrkA may be quickly degraded in the lysosome (marked as L in the diagram). However,
before downregulation occurs, active TrkA signaling may reach the nucleus to promote
neuronal growth and maintenance. Though our analysis of cultured PC12 cells cannot
directly prove this model, our data supporting the formation of TrkA signaling-competent
vesicles in a neuron-like cell, and data from other labs strongly supports this proposal.
For example, studies done by Riccio et al. (1997) (discussed in the introduction of
Chapter 2) using compartmentalized cultures of sympathetic neurons showed that the
arrival of a NGF/TrkA-containing vesicle to the cell body corresponded to
phosphorylation of CREB (cyclic adenosine monophosphate response element-binding
protein), a nuclear transcription factor participating in the trophic response.

Herein we give evidence that these TrkA signaling vesicles carry the NGF trophic
signal. Chapters 2, 3 and 4 outline biochemical and confocal microscopic evaluation of
PC12 cells and derivative endosomal fractions that suggest that TrkA signals from
endosomal structures in which NGF remains bound to these receptors. These signaling
endosomes likely make up the retrogradely trafficked signal that supports NGF-induced
neuronal health and survival (Beattie et al., 1996; Grimes et al., 1997; Grimes et al.,

1996a; Yuen et al., 1996).



A Model For The Signaling Endosome Hypothesis

COATED
VESICLE
TRKA/NGF SIGNALING
ENDOSOB\Ai»
COATED \1 <\
PIT ()-\\
AXON @
TERMINAL
CELL BODY
Coated Pit Endocytosis

The nature of the process of signaling endosome production was suggested by our
observations in confocal studies that TrkA and clathrin were colocalized following NGF
treatment. The model we tested was that TrkA and its bound ligand, NGF, are
internalized from the plasma membrane in clathrin coated pits (see diagram above).

Confocal and biochemical analysis of various cell lines described in Chapters 2-4 point to



a role for clathrin (a well characterized protein involved in coated pit endocytosis; see
Introduction, Chapter 5), as a contributor to the process of TrkA internalization. These
analyses also point to TrkA signaling as being responsible for rapid NGF-induced
redistribution, phosphorylation, and receptor association of clathrin. They raise the
possibility that TrkA signaling induces a general increase in clathrin coated pit traffic,
which may regulate endocytosis not just of TrkA, but other receptors as well

The non-receptor kinase, pp60° has been shown to be activated by NGF
treatment (Hilborn et al., 1998) (Kremer et al., 1991). We asked if pp60°™ could play a
role in NGF-induced clathrin redistribution and phosphorylation. In collaboration with
our lab, Brodsky and Wilde have shown that pp60° overexpression in A431 increases
phosphorylation of the clathrin heavy chain (CHC) (Appendix). Chapter 5 describes
studies in which NGF treatment was shown to result in the formation of complexes
containing TrkA together with AP2, clathrin, and pp60°°. The studies in Chapter 5 and
the Appendix represent the first to define such a complex and ligand-induced tyrosine
phosphorylation of CHC.

These findings support a model in which TrkA activation recruits not only
signaling molecules, but endocytosis-promoting proteins as well. In this model, TrkA is
able to serve as a signaling scaffold for these proteins, thus enhancing endocytosis of
itself and possibly other receptors. Our collaborative studies with Brodsky and Wilde
suggest that this endocytosis model may share many similar features with the EGF
receptor system. These studies describe the ability of TrkA and EGF-R to recruit and

phosphorylate coated pit proteins (Chapter S and the Appendix), and makes the re-



examination of many other receptors systems utilizing clathrin-mediated internalization

an attractive pursuit.



Chapter Two

Endocytosis of activated TrkA: evidence that nerve growth factor

induces formation of signaling endosomes

Introduction

We hypothesized that TrkA continues to signal subsequent to the binding by NGF
at the plasma membrane and internalization by clathrin coated pits. This chapter
describes the initial work done to support the theory that TrkA signals from endosomes
and proposes TrkA to be the best candidate for the retrogradely trafficked neurotrophic
signal. Elucidation of the true nature of the retrogradely trafficked NGF-induced survival
signal has been a goal of neuroscientists ever since it was determined that basal forebrain
cholinergics required unperturbed connections to their NGF source in the cortex (Yuen et
al., 1996) (Koliatsos et al., 1991). Earlier studies demonstrated that the NGF receptors
TrkA and p75 have been candidates for carrying the signal, but no direct support was
provided until relatively recently (Ehlers et al., 1995). This chapter contains data that
establish TrkA in internalized vesicles as signaling competent.

First, TrkA and clathrin were shown with confocal microscopy to become
colocalized at the cell surface of PC12 cells minutes after NGF application. Clathrin
staining was also seen to increase at the plasma membrane after NGF addition. These
observations gave clues to the nature of TrkA endocytosis, the first step in the formation
of NGF-induced signaling endosomes.

Second, NGF and TrkA could be chemically cross-linked in isolated endosomal

fractions from PC12 cells, showing that NGF remained bound to TrkA and suggesting the



possibility that TrkA remained active in these internalized membranes. This possibility
was confirmed by experiments showing TrkA in these endosomal fractions was tyrosine
phosphorylated and bound to tyrosine phosphorylated PLC-.

Studies from separate laboratories were published during the progress of our work
that confirmed a role for TrkA-containing endosomes in conveying the retrograde signal
(Riccio et al., 1997a). In these studies, the authors used compartmentalized cultures of
sympathetic neurons to show that the arrival of a NGF/TrkA-containing vesicle to the cell
body corresponded to activation of a key target of the NGF-stimulated signaling pathway,
CREB. Microspheres bound covalently to NGF were used to show that this source of
NGF was capable of initiating TrkA phosphorylation when brought in contact with
neurons. However, microsphere-bound NGF applied to axon terminals was incapable of
inducing CREB phosphorylation in the nucleus. Citing our earlier studies detailed in
Chapter 2, and noting that NGF itself has been ruled out as the retrograde signal
(Heumann et al., 1984), the authors concluded that retrogradely trafficked vesicles

containing active TrkA elicit the retrograde trophic signal.



Endocytosis of Activated TrkA: Evidence that Nerve Growth Factor
Induces Formation of Signaling Endosomes

Mark L. Grimes,' Jie Zhou,22 Eric C. Beattie,%® Eric C. Yuen,2 Deborah E. Hall,2 Janice S. Valletta,?
Kimberly S. Topp,35 Jennifer H. LaVail,>+ Nigel W. Bunnett,® and William C. Mobley23

Department of Biochemistry, Massey University, Paimerston North, New Zealand, and 2Department of Neurology,
3Department of Anatomy, 4The Neuroscience Program, 5The Graduate Program in Physical Therapy, and 8Department of
Physiology, University of California, San Francisco, San Francisco, California 94143

The survival, differentiation, and maintenance of responsive
neurons are regulated by nerve growth factor (NGF), which is
secreted by the target and interacts with receptors on the axon
tip. It is uncertain how the NGF signal is communicated retro-
gradely from distal axons to neuron cell bodies. Retrograde
transport of activated receptors in endocytic vesicles could
convey the signal. However, little is known about endocytosis
of NGF receptors, and thers is no evidence that NGF receptors

continue to signal after endocytosis. We have examined early.

events in the membrane trafic of NGF and its receptor,
gp140™™A (TrkA), in PC12 cells. NGF induced rapid and exten-
sive endocytosis of TrkA in these cells, and the receptor sub-
sequently moved into small organelles located near the plasma
membrane. Some of these organelles contained clathrin and

a-adaptin, which implies that TrkA is internalized by clathrin-
mediated endocytosis. Using mechanical permeabilization and
fractionation, intracelluiar organelles derived from endocytosis
were separated from the plasma membrane. After NGF treat-
ment, NGF was bound to TrkA in endocytic organelles, and
TrkA was tyrosine-phosphorylated and bound to PLC-v1, sug-
gesting that these receptors were competent to initiate signal
transduction. These studies raise the possibility that NGF in-
duces formatlon of signaling endosomes containing activated
TrkA. They are an important first step in elucidating the molec-
ular mechanism of NGF retrograde signaling.

Key> words: NGF;  TrkA; signaling; endoéome; clathrin;
PLC-y1

Nerve growth factor (NGF), a polypeptide neurotrophic factor
of the neurotrophin gene family, acts physiologically to en-
hance the survival and differentiation of specific populations of
neurons in the central (CNS) and peripheral nervous systems
(PNS) (Levi-Montalcini, 1987; Yuen and Mobley, 1995). NGF
actions are mediated by its receptors, p75N"™ and gp140T
(TrkA). p75"TR, a single-transmembrane glycoprotein, is a
receptor for all of the neurotrophins (Bothwell, 1995). The role
that p7SN™® plays in NGF signaling is not well defined (Both-
well, 1996; Carter et al., 1996); however, p7SN™® modulates
NGF binding and activation of TrkA (Meakin and Shooter,
1992; Davies et al.,, 1993; Barker and Shooter, 1994; Hantzo-
poulos et al., 1994; Lee et al., 1994; Mahadeo et al., 1994; Verdi
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et al., 1994). TrkA is a receptor tyrosine kinase whose activa-
tion has been shown in vitro to induce many of the typical
neuronal responses to NGF (Loeb and Greene, 1993). NGF
binding to TrkA causes dimerization of the receptor with
resulting activation of its kinase domain (Kaplan et al., 1991;
Klein et al., 1991; Meakin and Shooter, 1991; Jing et al., 1992).
Autophosphorylation of certain tyrosine residues in the intra-
cellular domain of the receptor creates sites for binding and
activation of signaling intermediates that continue the signal
transduction cascade (Stephens et al., 1994). Known interme-
diaries are PLC-y1, SHC, and PI-3 kinase (Kaplan and Ste-
phens, 1994; Stephens et al., 1994). Significantly, TrkA plays an
important role in NGF signaling in vivo. Animals in which the
gene for TrkA was disrupted showed marked abnormalities in
the development of NGF-responsive neurons in the CNS and
PNS (Smeyne et al., 1994).

An important question is how NGF signaling in axons is com-
municated to neuronal cell bodies. For many NGF-responsive
populations, the principal source of NGF is the target field of
innervation (Longo et al., 1993). Thus, NGF is available to bind
and activate its receptors only on distal axons. The importance of
signaling through these receptors was demonstrated by Campenot
(1977), who showed that NGF present only at the tips of neurites
was sufficient to maintain the viability of cell bodies. This indicates
that a signal(s) created by receptor activation on distal axons must
be communicated to the cell body. For neurons with long axons,
the distance through which the retrograde signal must be moved
may be >1000 times the width of the cell body. In earlier studies
to define the NGF retrograde signal, the following were discov-
ered. (1) NGF itself was taken up in the target in a dose-



dependent, saturable, and stereospecific manner (Hendry et al.,
1974a). (2) NGF was retrogradely transported to the cell body at
~-2500 um/hr (Hendry et al., 1974b; Claude et al.,, 1982). (3) A
response to NGF was registered in only the neurons in which it
was transported (Hendry, 1977). (4) The response to NGF coin-
cided temporally with the arrival of NGF at the cell body (Hendry
and Bonyhady, 1980). (5) Retrograde movement of NGF was
abolished by colchicine (Hendry et al., 1974b; Claude et al., 1982).
(6) Coilchicine also blunted the retrograde signal caused by NGF
(Paravicini et al., 1975). Importantly, although transport ot NGF
marked retrograde signaling, NGF itsclf was not the signal. NGF
injection into the cell body did not create responses, and NGF
antibodies failed to suppress them (Hcumann et al., 1984). We
suggest that the retrograde signaling entity must be (1) present in
distal axons, (2) activated by NGF, (3) retrogradely transported to
the cell body, and (4) that its activity must be sufficient to initiate
the NGF response in the cell body.

Our hypothesis is that activated TrkA in endocytic vesicles is a
retrograde signal. In support, the following are known. (1) TrkA
is present in axons in NGF-responsive neurons (Holtzman et al.,
1995). (2) TrkA in axons can be activated by NGF treatment
(Knusel et al., 1994; Li et al., 1995). (3) In vitro, surtace TrkA is
rapidly downregulated in response to NGF binding (Hosang and
Shooter, 1987; Zhou et al, 1995). (4) TrkA, including the
tyrosine-phosphorylated active form of the receptor, is retro-
gradely transported in axons (Ehlers et al., 1995). Significantly,
the amount of TrkA that accumulated distal to a sciatic nerve
ligature, and the extent of its tyrosine phosphorylation, was in-
creased by applying NGF to the foot pad, the target of sciatic
nerve sensory neurons (Ehlers et al., 1995). These experiments
showed that target-derived NGF regulates retrograde transport of
TrkA. However, they did not examine the mechanism by which
NGF accomplishes this effect or its significance for signaling.
Important, as yet untested, predictions of the hypothesis are that
NGF induces endocytosis of TrkA, that internalized receptors
continue to be activated, and that they are moved retrogradely in
axons and are capable of signaling.

We have examined TrkA receptors internalized in response to
NGF binding. PC12 cclls have been widely used to study NGF
responses (Tischler and Greene, 1975; Stephens et al., 1994; Zhou
et al., 1995) und provide a model for ncuronal signal transduction
and membrane traftic. In this paper, we show that NGF rapidly
induced internalization of TrkA receptors, that these receptors
were localized in endocytic vesicles, and that intracellular recep-
tors were activated as judged by the presence of phosphotyrosine
and association with PLC-yl. These data suggest that by inducing
activation and endocytosis of TrkA, NGF creates signaling endo-
somes that could be used to convey the retrograde signal.

MATERIALS AND METHODS

Materials. Bis(sulfosuccinimidyl)suberate (BS*), disuccinimidyl subcrate
(DSS), and NHS-SS-biotin were obtained from Pierce (Rocktord, IL).
Potassium hydroxide (99%) was from Aldrich (Milwaukee, WI). Type [V
collagen was from Collaborative Biomcdical Products (Bedford. MA).
Normal goat serum and Vectastain mounting medwum were from Vector
Laboratories (Burlingame. CA). Except as noted. Sigma (St. Lows, MO)
was the source ot all other reagents and chemacals.

NGF was preparcd as described previously (Mobley et al., 1986). NGF
was labeled with '**1 (Amersham, Arlington Heights. IL) using lactoper-
oxidase, as modificd from Vale and Shooter (1985). lodinated protein
was scparated from free '**1 on a PD-10 column (Pharmacia, Uppsala,
Swedcen) precquilibrated with binding bufter [PBS. pH 7.4, containing |
mg/mi glucose and 1 mg/ml bovine serum albumin (BSA)). Final specific
activity was 25-100 cpm/pg. Radiouctivity was quantified using a Beck-
man 2(XX) gamma counter.
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1088 is a rabbit antibody against the C terminus of human TrkA. [t was
puritied using protein A-Sepharose (Pierce) and has been charactenized
previously (Zhou et al.. 1995). Sctl is another rabbit antibody to the C
terminus of human TrkA (Santa Cruz Biotechnology. Santa Cruz, CA).
Both antibodies recogmze tull-length receptors whose Kinase domaimns
can be actvated. RTA is a rabbit anubody against the extracellular
domain of rat TrkA (Clary et al., 1994; Lucidi-Phillipi ct al.. 1996). X22
is & mouse monocional anubody to the clathrin heavy chain (Brodsky,
1985). AP.6 is a mouse monoclonal antibody to the a-adaptin 100 kDa
subunits (Chin ct al.. 1989). GM 10 is a mouse monoclonal antibody that
stains lysosomes (Grimaldi et al.. 1987: Grady et al., 1995). The anubody
to PLC-yl was a mixed monocional antibody: 4G 10 is a mouse monuoclo-
nal antibodv to phosphorylated tyrosine (both from UBI. Lake Placid.
NY). '*[-labeled goat anti-mouse was prepared using Na-'**| (Amer-
sham), iodobeads (Picree). and goat anti-mouse (Picree) according to the
manutacturer's instructions, and desalted on a PD-10 column (Pharmacia
Biotech. Piscataway, NJ).

NGF binding and cross-linking 10 surface recepiors. PC12 cells (a gift of
Llovd A. Greene. Columbia University) were grown on collagen-coated
plates in RPMI 1640 with 10% horse scrum and 5% fetal calf scrum (both
trom HyClone Laboratories, Logan, UT). Cells were washed and harvested
in warm PBS (without Ca®* and Mg*') and resuspended in cold (4°C)
binding buffer. In all experiments. equal amounts ot cells were aliquoted tor
cach condition, Cells were incubated with ['**[]NGF (1 nm = 26.5 ngml) at
4°C for 1 or 2 hr, warmed to 37°C in the presence of ['*I|NGF for 5, 10, or
30 min. and then raprdly chilled (4°C). For cross-linking ['**I|NGF 10 surtuce
receptors, the membranc-impermeant cross-linking reagent BS' was added
at a final concentration of 0.8 mwm, while rotating at 4°C for 30 min. To
currect for nonspecitic binding and cross-linking, unfabeled NGF (1 um =
26.5 wymi) was included during binding and cross-linking. The reactions
were quenched with | mm lysine for 10 min. Cells were pelieted and then
lysed for 20 min on ice 1n | mlof lysis buffer #1 (20 mm Tris, pH 8.0, 150 mm
NaCl, 175 NP-d), 10% glycerol, and proteinase inhibitors: | mm PMSF. 10
wyml benzanudine, 1 pg/ml O-phenantholine. and 0.1 wg/ml cach pepstating
chymostatin, leupeptin, and aprotinin). After centrituging at 16.000 X ¢ for
30 min, the supernatant was removed and assayed tor protein (BCA Assay,
Picree). Sumples were normalized for protein and immunoprecipitated with
1088 (12 pyml), rotating overnight at 4°C. Protein A-Scpharose beads
(Pierce), 120 pl of a 20% solution per mi of lysate, were added and incubated
at 4°C for 2 hir. After washing two umes in lysis buller #1 and once in H,0.,
50 ul of 7 M urca SDS-PAGE sample buffer (125 ms Tris, pH 6.95, 7 M urca,
29 SDS. | mm EDTA, 0.1% Bromphenol Blue) with 100 mm DTT was
added. and the sample was heated to 65°C for 15 min. Sumples were loaded
onto 8-127% SDS-PAGE. Fixed gels (10% acetic acid, 109 isopropanol,
20% methanol) were dried and exposed to the Phosphorimager and then 1o
XAR-S film (Eastman Kodak, Rochester. NY).

Cell surtace brotimviation. Cells were mcubated with or without NGF (1
nm) for 30 min at 4°C in PBS with | mgmi glucose. and then NHS-SS-
biotin (0.5 mymi) was added. The mixture was incubated with gentie
racking tor %0 min at 4°C. Cells were petleted (1) rpm for 5 nunj and
then washed three times in cold PBS contaming 1 mM lysine. Samples
were resuspended in binding buffer, and cqual amounts were aliquoted
for three different treatments. One sample (designated 10077) was held at
4°C. Another (bkg = background) was treated at 4°C with 30 mm reduced
glutathione in 50 mm Tris, pH 8.6. 100 mm NaCl. | m/mi glucose, and |
meg/mi BSA for 30 min. This treatment was repeated twice. The third
sample (int = internalized) was warmed to 37°C for either 10 or 20 min
to allow cndocytosis. and then treated with glutathione as above. All
samples were then incubated | hr on ice in 0.2 ml of lysis buffer #2 (20
mm Tris, pH 8.0, 150 mm NaCl. 1% NP-40. | mm EDTA) contwiming 1%
BSA and | mgml iodoacetamide. The lysates were centrifuged 10 min at
10.000 x g. SDS (final concentration 0.5%) was addcd to the supernatant,
and the lysates were botled 5 min. Lysis butfer #2 (0.8 ml) was then
added, and TrkA was immunoprecipitated with 1088 (12 ug). Each lysate
was divided into two aliquots. The first was used to deteet the amount of
biotinylated TrkA. Protcins were separated on nonreducing 7.5% SDS-
PAGE, transferred to nitrocellulose (Hocfer Pharmacia Biotech, San
Francisco, CA), and blotted with |'**I|streptavidin (Amersham). Biotin-
ylated TrkA was quantificd by Phosphorimager (Molecular Dynamics.
Sunnyvale. CA). The sccond aliguot was submitted to 7.57% SDS-PAGE
in a reducing cnvironment, transferred to nitrocellulose, and blotted with
1088 (1:500). The signal was developed using ['**l]protein A (Amersham)
and quanutficd using the Phosphorimager. The signal for biotinviated
TrkA was normalized to the amount of TrkA protein. The TrkA available
for internahization was (100% — bkg). TrkA internalized during warming



was not suscepubie to reduction with glutathone. The amount of TrkA
internahzed was (int = bkg). The percent of TrkA internabized was (int =
bRe)/(100% = bkg) x 100,

Immunostamng and confocal microscopy. Cells were plated on 8-well
chamber shdes (Nunc, Naperville. 1L) that had been coated with Matrigel
(Collaborative Biomedical Products) using a 1:200 dilution in PBS (Ca® -
and Mg*'-free) overnight at 4°C. Wells were washed three times with
cold PBS. PCI2 cells were plated in DME H-21 medium with 109 horse
serum and 57 fetal calf serum 1-2 d before experiments. Atter aspirating
the medium, NGF (2 am = 33 ng/imi) was added to cells tor 30 sec. 2 mm,
or 60 min in 300 wl of DME H-21 contaming 0.5 mgml BSA and 10 mm
HEPES at 37°C. This medium. without NGF. was added o controls.

Cells were tixed on ice with 16 paratormaldehvde in PBS for 15 min,
Cells were permeabilized in PSS (PBS with 1077 normal goat serum and
saponin at | mymi) at room temperiature for 30 min. changing the
sulution every 10 min. Primary anubodies were diluted in PSS (scll at |
wmbs X22 at 3.0 memlb AP.6 at 8 pymi: GM IO at L:o(00) and were
incubated with cells overnight at 4°C. After three 10 min washes with PSS,
secondary anubodies diluted in PSS (FITC-comugated goat ant-rabbit
1gG at 110 Texas Red-conjugated goat anti-mouse immunociobubins,
1:200: both from Cappel Rescarch Products. Durham. NC) were applied
for 43 min at room temperature. Atter three washes in PBS. covershps
were mounted using Vectashicld mounuing soluton. No stainmg was
cvident when primary anubodics were excluded. For Scll. prehmimary
incubation (overmght, 4°C) with the peptuide immunogen (10 pgmi)
chminated staning.

Cclls were observed with an MRC 1000 Laser Scanning Contocal
Microscope (Bio-Rad. Hereules, CA) equipped with a Kryptonsargon
laser and attached o a Zeiss Axiovert nucroscope. A Zeiss Neofluor
X 100 oil-immersion abjective with a numerical aperture of 1.3 (0.17°) was
used, and images were collected using an aperture of 3=-4 mm and a zoom
ot 2-3. Tvpically. 10-20 opuical sections were taken at 0.5 um intervals
through the cells. The resolution ot the contocal microscope i the
v=v-axis was 170-200 am. and in the z-axis was 230-400 nm. Images ot
768 x 520 pixcls were obtained. Images were processed using Adobe
Photoshop 3.0 (Adobe Systems. Mountain View. CA) and printed using
a Techtronix Printer. In experiments in which markers were colocalized.
colocilization was contirmed by exanining individual organciles at higher
magnification. In addition. we ensured that colocalization was climinated
by merging overlaying but noncomcident sections. The images shown
correspond to optical seetions through cells at mid-height.

To count TrkA-positive vesicles near the surtace of cells, images of
individual opucal scctions were exanined. The edge of the cell was
defined as the outermost himat of staiming tor the clathrn heavy chain, and
this was marked with a line. A second line was drawn 0.5 wm internior to
the first, and all bright, punctate TrkA-positive vesicles between the lines
were counted. The number of these vesicles was then divided by the
penmeter ot the surtace of the cell o yicld a value tor the number per
micrometer cell pernimeter.

Cell fracnionanon. Figure 4 depicts the cell fractionation strategy. Cells
grown and harvested as above were first incubated with or without NGF
(1 nm) in binding bulfer at 4°C for | hr. They were then either washed
brictly in binding butter. or not washed and warmed in binding butter tor
10 mun at 37°C. Cells were then chilled (4°C) and washed in PBS with |
msm EDTA and | mm EGTA. and then in a cytoplasm-hike butfer (butfer
B: 38 mam cach of the potassium salts of aspartic. gluconic, and glutanuc
acds. 20 mM MOPS. 5 mam reduced glutathione, 10 mM potassium
hicarbonate, (0.5 mym magnesium carbonate. | my EGTA. | mm EDTA.
pH-adjusted 10 7.1 at 37°C with potassium hydroxide). Cells were resus-
pended in 0.5 ml of butter B contmning proteimase inhibitors (as for lysis
buffer #1). Sodium orthovanadate (1 mu) was included to inhibit phos-
phatase activity for the experiments shown in Figures 8-10. To perme-
abilize cells. we used a ball homogenizer obtained from the European
Molecular Biology Laboratory (Heidelbery, Germany) and tungsten car-
Inde grade-25 balls obtained trom Industrial Tectonics (Ann Arbor, M.
The cell suspension was passed through the homogenizer (8.020 mm
cylinder with an 8.0186 mm ball). More than Y87 of the cells stained with
trypan bluc after this procedure. By centrituging at 10 X g for 10 min,
cell ghosts (P1) were pelleted. thus separating them from the cytosol and
the released vesicles. Membrancs in the supernatant were isolated using
two different protocols. In the first, they were layered over a 0.4 mi pad
of 10% sucrose in buffer B (with inclusions, as above) and then centri-
fuged at 100.000 X ¢ for | hr in a Beckman Ti SW50.1 rotor. The
membrane pelict was referred to as P2°.and the supernatant (S2°) was
cytosol. In the sccond protocol. the HHK) X ¢ supernatant was centrifuged
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At SO00 X ¢ tor 35 mun i a TiISWSOL rotor. The peliet (P2) contamed
lurge organclies. The supernatant (82) was lavered over a .4 mi pad of
10% sucrose in bulfer B (with inclusions, as above) and centrituged at
TOO.000 X g tor | hr to produce the pellet. P30 S3 was the cviosol.

To determine whether fragments of plasma membrane contammated
released mtracelutar organetles, we otinviated cell surtace protens and
determined whether amylod precursor protein (APPY, a relatively abun-
dant protemn (Haass et al., 1992), was detected in P2 and P3. PC12 cells
were harvested. and cell surtace proteins were hotinviated, as indicated
above, for 20 nun at 4°C. Cells were washed three times with 1 ma lysine
in PBS and then permeatnilized and fractionated. PL P2 and P3 were
lysed in lysis butter #2 and immunoprecipitated with «-C7.an antibody to
the C ternmunus of APP (Podlisny et al., 1991). Immunoprecipitates were
submitted to 7.57% SDS-PAGE and blotted. {**I]streptavidin was used 1o
prabe the blots, and the Phosphorimager was used tor detection.

Llectron nucroscopy of cell frucnonanons. PC12 cells ireated with NGF.
as just deseribed. were permeabihized and fractionated. The Pl P2, and
P3 pellets were fixed in 2% glutaraldehyde wm 100 my sodium cacodviate
butler. pH 7.4, for % min at room temperature. Each pellet was washed
sequentitlly in the sodium cacodylate butter, pH 7.4, and in 30 mm
veronyl acetate butfer, pH 7.4, betore tixation in 17 osnuum tetroside in
the veronyl acctate butter at 0°C tor 43 min. Alter a nnal wash in the same
veronyl acetate butter. the pellets were dehydrated and embedded in
Cpon-Araldite. Thin sections were cut and exanmuned 0 a Zeiss EM
TOCA microscope. Micrographs were taken at ~20.000X. Several arcas,
cach 205 um=, were chosen tor vesicle measurements.

Fractionanon of mternahized NGF. To guanuty |'-"1INGF in intraccilu-
lar organclies. cells ncubated with ['*'IINGF (1 nw) for | hr were
washed. warmed at 37°C for 10 mun. chilled. permeabilized. and traction-
ated. Fractions were assayed as above for [ IINGF. In some cases, we
determmed the amount of [ TINGF assocrated with the cytoskeleton,
which wirs detined as the NP-d0-insoluble petlet of P1(Vale and Shooter,
[9%5). For these studies, P was resuspended in 0,45 ml of PBS. | mMm
EGTA. | mym EDTA containing the protease inhibitors listed above.
NP-40 (1) was then added. and the suspension was incubated on ice tor
1 hr betore centrituging for 10 mim at 10,000 X ¢ in a microcentrifuge. In
some expenments, acid washing was used to measure surface-bound
" “IINGF (Bernd and Greene, 1984). To examine the distribution ol
["**IINGF in intracellular organclies. P27 was resuspended in 1077 su-
crose m butfer B (with inclusions) using a 25 G needle and then apphed
1o 10=40% (wiw) sucrose gradient with a 0.4 mi 3077 sucrose pad. The
gradient centrituged at 100K x ¢ tor | hrin o Beckman Ti SWS0.1
rotor. Gradient tractions (4 drops cach) were collected from the bottom
ol the tube. Each fraction was surveyed tor radiolabeled NGF using the
gamma counter.

NGF cross-linking 1o miracellular TrkA. Cells meubated with ["**1INGF
(1 nm) in binding butfer for 1 he at 4°C were washed and then wirmed tor
10 nun at 37°C before permeabilization, as above. Unlabeled NGF (1 ua)
wits added to control tor nonspeettic binding and cross-lmking. DSS (2
ma) was added to the permeatnihzed cells and released membranes, and
the auxture was incubated while rotating tor 30 mun (4°C). The reaction
was quenched with lysie (10 mam) tor 10 min. PL P2 and P3 were then
prepared. as above, PLwas solubilized by extracung in 174 NP-d0) in butter
B for | hr (4°C). After centrituging at 1000 X ¢ (10 min). SDS was added
to bring the final concentration to U.5%. P2 and P3 were resuspended in
H,O with 1.37% SDS. S3 was brought to the same SDS concentration. All
samples were boiled for 3 muin. chilled (4°C), and then brought o a
volume of | mland a final concentration of 0.1 SDS by diluting with
immunoprecipitation (1P) butter (20 my HEPES. pli 7.4, .15 m NaCl,
177 NP-40. 0.5 DOC. | mm EDTA). To this was added HS8 (17 pml).
After incubating at 4°C overnight. one-tenth of the volume ot 20%
protein A=Scepharose beads (Pierce) was added tor | hr. with rotation,
The beads were washed twice with [P butter and once with water before
resuspending in 7 M urca SDS-PAGE samplce butter with 20 mm DTT.
Samples were heated to 65°C for 10 min and run on a 3-127 SDS-PAGE.
Dricd gels were exposed 1o XAR film for 1-3 weeks.

/ / ion and blotng. | precipitation of cell fractions
was pertormed by dissolving P1L. P2, P3, or S3in | ml of lysis bufter #1
with I mm Na-orthovanadate. To this was added 12 pg of 1088, 12 ug of
RTA. or 5 pg of anti-PLCyl. The mixture was incubated overnight at 4°C,
and one-tenth of the volume of protein A= or protein A/G-Scpharose
beads was added for 2 hr at 4°C. Sepharose beads were washed three
times in lysis buffer #1 and once with watcer. then treated with 50 ul of 7
M urca sample buffer and heated (35°C. 15-30 min). Sumples were loaded
on 7.5% SDS-PAGE. After transterring to nitrocclulose. blots were
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probed with anti-phosphotyrosine (4G 10). RTA, or anti-PLCyl. Immunc
complexes were detected with horseradish peroxidase-conjugated anti-
mousc 1gG or anti-rabbit 1gG and chemiluminescence (Amersham) or
with '“*I-labeled goat anti-mouse [gG. Data were quantified from multi-
ple chemituminescent exposures using National Institutes of Health Im-
age or using a Molecular Dynamics Phosphorimager.

RESULTS

TrkA was internalized in response to NGF
Two studies were used to define how NGF binding regulates
trafficking of TrkA receptors. In the first, TrkA at the surtace of
PC12 cells was marked by cross-linking to radiolabeled NGF using
BS'. a membranc-impermeable cross-linker (Hartman et al.,
1992). PC12 cells were incubated with ['**I)NGF (1 nm) at 4°C o
allow for binding at a temperature that inhibits membrane traffic.
The mixture was then warmed at 37°C for 0, 5. 10, or 30 min to
permit endocytosis. After chilling (4°C) and cross-linking, immu-
noprecipitated TrkA was analyzed by SDS-PAGE. Two major
radiolabeled cross-linked species were found (Fig. 1.1). Each was
specific for ['**1JNGF, because cross-linking done in the presence
of excess unlabeled NGF eliminated the bands (data not shown).
One band migrated at ~150 kDa. the position expected for a
TrkA monomer-NGF monomer complex. A more slowly migrat-
ing band represents NGF bound to TrkA in an undefined oligo-
meric complex. There was a marked decrease in the amount of
TrkA that could be cross-linked 1o NGF after warming. Relative
to that present without warming, the level of the 150 kDa complex
decrecased by 15 = 4% (SEM:n = 2) at 5 min and by 45 = 3%
(n = 2) at 30 min. Similar decreases were seen in the more slowly
migrating species. We reproducibly detected a small increase in
surface cross-linking between 10 and 30 min, which may be caused
by receptors recycling back to the plasma membrane. These data
indicate that NGF caused rapid downregulation of surface TrkA.
We next determined whether NGF downregulation of surtace
TrkA was caused by enhanced endocytosis of these receptors.
Surface biotinylation has been used to examine trafficking of
membrane proteins  (Schmid and  Carter, 1990). Using this
method, constitutive and NGF-induced TrkA internalization were
cvaluated. Cells were incubated at 4°C cither in the presence of
NGF (I nM) or in its absence. Surface proteins were then biotin-
ylated using NHS-SS-biotin. After removing unreacted NHS-SS-
biotin, cells were warmed to 37°C for 10 min to allow endocytosis,
or not warmed. Samples were then chilled (4°C), and glutathione
was added to release biotin on cell surtace proteins (Schmid and
Carter, 1990). TrkA immunoprecipitated from cell lysates was
submitted to SDS-PAGE and blotting; |'**1]streptavidin was uscd
to detect biotinylated TrkA. In Figure 1B, the lanes labeled
(100%) show TrkA labeling under conditions in which there was
ncither warming nor addition of glutathione. This corresponds to
TrkA present at the surface of cells before initiation of membrane
traftic. The signals were large for both NGF-treated and untreated
cchs. The lanes labeled bkg (for background) show the extent to
which the biotin label resisted reduction with glutathione when
cells were not warmed. The signals were small for both NGF-
treated and untreated cells. The TrkA available for internalization
was 100% — bkg. The lanes labeled int (for internalized) show the
signal when cells were warmed and then treated with glutathione.
Whether or not cells were treated with NGF. the amount of
labeled TrkA., representing internalized receptors, was increased
by warming. In the absence of NGF, 6% of surface TrkA was
internalized after 10 min. This finding points to constitutive en-
docytosis of TrkA receptors. Remarkably, ~37% of TrkA was
internalized after 10 min warming with NGF. More than 66% of

labeled TrkA was internalized after 20 min warming with NGF
(Fig. 1C). These data show that NGF induced extensive and rapid
internalization of TrkA receptors present at the cell surface.

TrkA was present in intracellular organelles
Internalization of TrkA by NGF suggested that it would be
puossible to detect TrkA in the endocytic pathway. Immunofluo-
rescence and confocal microscopy were used to localize TrkA. In
the first series of experiments, PC12 cells were incubated with or
without NGF (2 nm) at 37°C. Cells were then fixed. permeabilized,
and incubated with scl 1, an antibody to the C terminus of Trk that
binds to full-length receptors. TrkA antibody binding was de-
tected using fluoresceinated goat anti-rabbit IgG. The confocal
micrographs of cells not exposed to NGF showed that TrkA
staining was predominantly intracellular (Fig. 24). Some immu-
nopositivity was found near the nucleus; much was present as
small punctate accumulations distributed throughout the cyto-
plasm. Surprisingly little staining was noted at the cell surface.
NGF treatment induced marked changes. At early times, there
was dispersion of staining such that the boundaries of cells were
better defined (Fig. 2B-D). There was also the appearance of
densely stained punctate structures, many of which were present
near the cell surface. The number of bright punctate organclles
located within 0.5 wm of the cell surface was counted. After 30 sec
NGF treatment, the number increased threefold from 0.08 = 0.01
per wm of cell perimeter (n = 12 cells) in untreated cells to 0.21 =
0.02 per um (1 = 12) in NGF-treated cells (Student’s 1 test, p <
0.05). At later times (Fig. 2D), there was marked redistribution of
TrkA staining to the perinuclear region. In part, this staining
corresponded to TrkA in lysosomes, because a lysosomal marker
(GM10) colocalized with some of the TrkA staining (data not
shown). The presence of TrkA immunostaining in lysosomes at 60
min suggests that endocytosed TrkA was destined for degrada-
tion, a finding consistent with carlier observations (Zhou ct al,,
1995). Thus, by confocal microscopy, NGF treatment markedly
influenced TrkA trafficking.

To characterize further the punctate TrkA-positive organclles
produced with NGF treatment, we attempted to colocalize TrkA
with markers of the clathrin-coated pit endocytic pathway. Cells were
first incubated with or without NGF at 37°C for 30 scc and then
chilled and fixed. Clathrin vesicles were visualized with antibodies to
the clathrin heavy chain (X22) and to a-adaptin (AP.6). Figure 3
shows that in the absence of NGF there was a small amount of TrkA
and clathrin colocalization in an area near the nucleus (Fig. 3D-F).
The perinuclear colocalization of TrkA and clathrin was probably
attributable to the presence of these proteins in the biosynthetic
pathway. Only rarcly were TrkA and clathrin colocalized near the
plasma membrane. In the presence of NGF, an increased number of
clathrin and TrkA-positive organelles were located near the cell
surface (Fig. 3A4.B). Significantly, TrkA and clathrin could be colo-
calized in these organclies (Fig. 3C.G,H). Figure 3 (4-C, G, H)
demonstrates a cell in which TrkA and clathrin colocalization was
particularly marked. To quantitate the change with NGF, we deter-
mined the number of puncta showing colocalization in randomly
selected control and NGF-treated cells. Puncta were counted if they
fell within 0.5 um of the plasma membrane. In control cells, such
puncta ranged from () to 2 per section; they averaged 0.68 = 0.10
puncta /section (n = 40 cells). With NGF. the number increased
nearly fivefold. It ranged from 1 to I8 per section and averaged
3.25 = (.56 puncta/section (n = 31). The difference between NGF-
treated and control cells was highly significant (p < 0.001). TrkA
could also be colocalized with a-adaptin in NGF-treated cells (data
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Figure 1. NGF induced trkA internalization. A,
NGF treatment decreased cross-linking to surface
TrkA receptors. PC12 cells, an equal number for
each condition tested, were incubated with
["**IINGF (I nm) at 4°C for 2 hr and then warmed
to 37°C for 0, 5, 10, or 30 min. Cells were chilled,
and the membrane-impermeant cross-linker BS'
was added for 30 min at 4°C. Cell lysates were
immunoprecipitated  with 1088, an anti-Trk
C-terminal antibody, before SDS-PAGE. The
dried gel was exposed to x-ray film. The positions
of molecular weight markers are indicated, as is a
band corresponding to a complex containing an
['"*IINGF monomer cross-linked to a TrkA
monomer. The more slowly migrating band marks
a_higher-molecular-weight complex containing
["**IINGF and TrkA. There was no ['Z1I|NGF
cross-linking in experiments in which unlabeled
NGF (1 uM) was present during binding and
cross-linking. B, Constitutive and NGF-induced
internalization of TrkA: internalization of TrkA
increased after warming in the presence of NGF
(+NGF). Cells were incubated with unlabeled
NGF (1 nm) for 30 min at 4°C (untreated). Con-
trol samples were handled identically except that
no NGF was present. NHS-SS-biotin was added
at 4°C to biotinylate cell surface proteins; cells
were then either kept on ice or warmed 10 min at
37°C 1o allow for endocytosis. Glutathione was
added to some samples to remove biotin on cell
surface proteins. After samples were lysed and
boiled in 0.5% SDS, TrkA was immunoprecipi-
tated with 1088. After SDS-PAGE, proteins were
transferred to nitrocellulose and blotted with
["**I]streptavidin. TrkA is marked by an arrow.
Biotinylated TrkA was analyzed without warming
and without glutathione (/009%), without warm-
ing but with glutathione (bkg), or with warming
and with glutathione (inr). Biotin on TrkA recep-
tors internahized during warming was protected
from glutathione reduction. €, Quantitation of
TrkA internalization. Experiments were  per-
formed as in B. The signals for biotinylated TrkA
were normalized for TrkA protein. The percent
internalization of TrkA was computed as de-
scribed in Matcerials and Methods. Values are
mean * SEM from three separate experiments at
10 min and two at 20 min (open circles, untreated:
open squares, NGF-trcated). There was a low
level of constitutive internalization. NGF mark-
edly increased TrkA internalization.
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Figuere 2,
M) for 30 sec (b), 2 min (c), and 60 min (d)

NGF changed the distribution of TrkA immunostaining in PC12 cells. Cells were exposed to media at 37°C without NGF (a) or with NGF (2

A Trk-specific antibody, scll, was used to examine the distribution of TrkA. Most TrkA staining was

Ntrace|lular. With NGF trecatment there was an increase in bright punctate staining near the plasma membrane (c.g., small arrows in b). Note the marked
INCrease with NGF treatment of TrkA staining in the juxtanuclear region at 60 min (large arrows in d)

NOt shown). These data show that TrkA is found in endocytic vesicles
Produced via the clathrin-coated pit pathway

La"ge and small endocytic organelles contained NGF
O  characterize further the endocytic organclles that contain
l':l_(A we first examined those that could be labeled with
[ “TIJNGF. This approach was suggested by studics showing that
rka expression confers the ability to internalize NGF on mutant
PC 12 celis that lack TrkA (Locb et al., 1992). To prepare intra-
Cellular organclles, we took advantage of the fact that mechani-
Cally permeabilized cells relcase untethered organclies (Grimes
and Kelly, 1992a,b). PCI12 cells were permeabilized by passage
lhrOUgh a Balch homogenizer (Balch and Rothman, 1985; Martin
and Walent, 1989), and rclcased membranes were harvested
PC 1 2 cells incubated with NGF (1 nm) at 4°C for | hr were washed
bricﬂy to enrich for binding to slowly dissociating (i.c., high-
a ﬂ’inily) receptors (Zhou ct al.,
€ndocytosis of free ligand. Cells were then warmed for 10 min,
<hilled (4°C), and permeabilized. Cytosol and released organclics
Were separated from the cell ghosts by centrifugation at 1000 x ¢

995) and to mimimize fluid-phase

C 1O min). Organelles were then separated from cytosol using one
OF two alternative fractionation strategics (Fig. 4).

Electron microscopic examination of PCI2 cells before and
after permeabilization revealed several alterations (Fig. 54,8)
The cytoplasm of intact cells was typically dense with a normal
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complement of subcellular organelles, including ribosomes, endo-
plasmic reticulum, and mitochondria. The plasma membrane and
nuclear envelope were intact. Although many of the same or-
ganclles could be identified in the permeabilized cells, they were
less frequent and were dispersed in a less electron-dense cyto-
plasm. More significantly, the plasma membrane of permeabilized
cells was interrupted (arrow). In the P2 fraction, the organelles
were heterogeneous (Fig. 5C). P2 contained mitochondria, dense
bodies, ribosomes, and many clear uncoated vesicles with a mean
diameter of 180 = 71 nm (SD; n = 57). In contrast, the P3 fraction
contained a more homogeneous population of organelles (Fig.
5D). Most of the organelles were small vesicles of one of three
types. Small, uncoated vesicles with a dense core were the most
frequent; they were 86 = 15 nm in diameter on average (n = 56).
A second class consisted of clear, coated vesicles that were 63 =
I5 nm in diameter on average (n = 22). Infrequently, we found
clear, uncoated vesicles that were variable in diameter (mean
94 + 24 nm; n = 8) and small mitochondria and dense bodies.
The electron microscopy studies suggested that this method of
very gentle homogenization tears the plasma membrane and al-
lows some intracellular organelles to leak out of the cells. Two
additional observations showed that intracellular organelles could
be separated from plasma membrane using this fractionation
scheme. First, we carried out experiments at 4°C in which cells



Fieure 3.
for the same interval (D=F). After fixation and permeabiliz

(X22). TrkA staining is shown in green: clathrin heavy chain s

NGF treatment resulted in FrkA and clathrin colocalization. PC12 cells were treated with NGF for 30 sec (A4-C, G, H) or with vehicle alone
wion, cells were immunostained using antibodies to Trk (scl1) and the clathrin heavy chain
aining is in red. In the absence of NGF, TrkA (D) and clathrin (£) staining is present diffuscly

in the cytosol and in the juxtanuclear region. There is little overlap in their distribution () except in the juxtanuclear region. In the presence of NGF,
TrkA (A) and clathrin (B) staining is widely distributed in the cytosol; some TrkA staining is seen near the plasma membrane. Clathrin staining appears
to be concentrated at the plasma membrane. C (at lower power) and G and H (at higher power; scale bar, 2 um) show colocalization of TrkA and clathrin
staining ncar the plasma membrane (arrows; yellow denotes colocalization). The organelles showing colocalization had the same distribution and size as

those seen with incrcased frequency after NGF treatment (Fig. 2)

were incubated with ['"**I)NGF and washed, and the cross-linker
BS* was added before permeabilization and fractionation. Under
these conditions, the NGF-TrkA complex was not detected in
cither P2 or P3. Second, we asked whether surface APP could be
detected in P2 or P3. At 4°C, APP was biotinylated at the cell
surface and cells were then permeabilized and  fractionated.
Surface-labeled APP in P2 was 2.9% (n = 2) of that in PI; the
corresponding value for P3 was 0.6% (n = 2) and for S3 was 0.1%
(n = 2). Thus, although many intracellular organelles remained
with the cell ghosts (Fig. 58), those that emerged were virtually
free of plasma membrance

We quantified the amount of internalized ['*I|NGF that was
released and recovered in membrane fractions. When cells were
washed and then warmed 10 min at 37°C, 6.9 = (0.6% (SEM; n =
9) of the total counts were recovered in P2 and 3.1 = 0.4% (n
9) were present in P3 (Student’s 1 test, p < 0.05). Interestingly, a
substantial fraction (32 = 4%, n = 9) of the labeled NGF that
remained associated with the cell ghosts was in the detergent-

insoluble fraction, which was shown to be the cytoskeleton (Vale
et al., 1985). Acid washing experiments (Bernd and Greene, 1984)
indicated that 49.8 = 4.9% (n = 3) of the total bound I’V\I]NGI-‘
was on the cell surface under these conditions. This means that P2
+ P3 together contained about one-fifth (20%) of total intracel-
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lular ['**I)NGF and about half of that which was not bound to the
cytoskeleton. These studies show that the fractionation scheme
used allowed us to recover a substantial fraction of intracellular
organelles that contain internalized NGF.

Sucrose velocity gradients were used to analyze the intracellular
organelles that emerged from permeabilized cells (Fig. 6). In this
case, all organelles were concentrated and applied to the gradients
(P2', see Fig. 4). ['"**1]NGF was found in organelles that migrated
near the bottom of the gradient (fractions 2-9) as well as in lighter
vesicles that were heterogencous. Thus, NGF was present in both
large vesicle- and small vesicle-containing fractions.

TrkA in intracellular organelles was bound to NGF

and tyrosine-phosphorylated

Our data indicated that after binding, both NGF and TrkA were
internalized. We next asked whether Trk was bound to NGF in
intracellular organelles. Cells were incubated with ['**I)NGF (1
nm) at 4°C, washed, warmed 10 min as above, then chilled. After
permeabilization, DSS, a membrane-permeable cross-linking re-
agent that has been used to cross-link NGF to TrkA (Radeke and
Feinstein, 1991), was added to the cell suspension before fraction-
ation. TrkA was immunoprecipitated from cell fraction lysates
before SDS-PAGE and autoradiography. A radiolabeled band
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Figure 4. Strategy for cell fractionation experiments. NGF (1 nat) was bound to PC12 cells at 4°C for | hr. Cells were then either briefly washed in binding
butfer at 4°C or not washed, and warmed at 37°C tor 10 min. Cells were then chilled (4°C), washed, resuspended ina eytoplasm-like buffer, and
permeabilized by passage through a ball homogenizer. The cell ghosts (P7) were separated from cytosol and organclles released from the cells by
centrifugation at 1000 < g Two alternative strategies were used to fractionate the membranes in the supernatant of the 1000 X ¢ centritugation. (1) They

were

layered over a 0.4 ml pad of 109 bullered sucrose and centrifuged at 100.000 X g (1 hr), torming a pellet (£227) and the cytosol (527). (2) To separate

large and small vesicles, membranes were centrituged at 8000 X ¢ tor 35 min to pellet large vesicles (£2). The supernatant of the 8000 X ¢ spin was then
layered over a 0.4 ml pad of 10¢ buffered sucrose and centrifuged at 100000 X g for | hr, which separated small vesicles (£3) from cytosol (83).

that migrated at the position expected for a complex containing
['**1)NGF cross-linked to TrkA was scen in the membrane frac-
tions (P1. P2, and P3) but not the cytosol (83, Fig. 7). P2 contained
8 = 2% (n = 3) of the total TrkA cross-linked to ['**I]NGF and
P3 contained 10 % 2% (n = 3, p > 0.05). These data roughly
corrclate with the amount of ['**IJNGF in these fractions in the
experiments above. However, more ['**1|NGF was found in the
P2. Either a smaller fraction of NGF was bound to TrkA in P2, or
the cross-linking cfficiency was lower in this fraction (or both).
NGF cross-linked to TrkA was also scen when the cross-linker was
added after fractionation (data not shown). These data are evi-
dence that (1) Trk and NGF were present together in the same
compartments after internalization and (2) NGF remained bound
to TrkA after endocytosis.

We next sought to determine whether organclies derived from
endocytosis contained activated TrkA. Cells were warmed for 10
min in the presence or absence of bound NGF and then submitted
to fractionation. The phosphatase inhibitor sodium orthovanadate
was added to the cell suspension during permeabilization at 4°C.
The presence of TrkA was assessed by immunoprecipitation,
followed by Western blotting, with RTA (Clary ct al.. 1994). Two
proteins were identified, gpl40'™ and gpl 10" (Fig. 8, top).
The latter is a high-mannose precursor to the mature form,
gp140™™* which acts as a cell surface receptor (Martin-Zanca ct
al., 1989; Zhou et al., 1995). Neither form of TrkA was detected
in the 100,000 X g supernatant (83, Fig. 8). The amount of
gpl40™™ in P2 and P3 fractions together increased from 12% of
the total in control cells to 16% after NGF treatment. The
increase in gp1407™ was mostly in the P2 fraction (Fig. 9-1). The
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amount of gpl 107 was ~20% of total. without or with NGF
(Figs. 8, 9-1). The presence of gpli0"™ suggests that up to
onc-1ifth of the endoplasmic reticulum, or vesicles derived from it,
emerge upon permeabilization.

Other vesicles that emerge from permeabilized cells include
regulated and constitutive sceretory vesicles (Grimes and Kelly,
19924,b). Newly synthesized TrkA should be present in these.
Receptors in the biosynthetic pathway have no direct access to
NGF, and it can be assumed that they have not been activated.
The presence of phosphotyrosine on TrkA is a measure of its
activation (Kaplan et al,, 1991; Klein et al., 1991). Thus, tyrosine-
phosphorylated TrkA should comprise plasma membrane and
internalized TrkA. but not that in the biosynthetic pathway. Ac-
tivated TrkA was detected in P2 and P3 fractions from NGF-
treated cells by blotting TrkA immunoprecipitates with an anti-
phosphotyrosine antibody (Fig. 8, bowom). Total gpl40'™** was
greater in P3 than P2; the reverse was true for tyrosine-
phosphorylated TrkA (Figs. 8, 9). Fractions prepared from cells
not exposed to NGF contained very little tyrosine-phosphorylated
TrkA (Fig. 98). In contrast, in the NGF-treated cells there was an
~17-fold increase overall in tyrosine-phosphorylated TrkA. Sev-
enteen pereent of tyrosine-phosphorylated TrkA was recovered in
the P2 and P3 fractions (Fig. YB). Comparing these data to those
from Figure 1C, it appears that almost half of internalized TrkA
was recovered in organclles that emerged from permeabilized
cells. The data for TrkA and tyrosine-phosphorylated TrkA were
used to caleulate a “specific activity” for the receptor: the ratio of
tyrosine-phosphorylated TrkA to total TrkA (Fig. 9C). The spe-



Figure 5. Electron micrographs of PC12
cells and vesicles released from these
cells. Cell fractions were processed as in-
dicated in Materials and Methods. 4, A
cell not permeabilized. B, Pl: a cell after
permeabilization. Note the marked de-
crease in the clectron density of the cy-
toplasm. Numcrous discontinuities were
scen in the plasma membrane (arrow). C,
Organclles in the P2 fraction. D. Or-
ganclles in the P3 fraction. Scale bars: A,
B, 0.5 um; C, D, 0.4 pm.

cific activity was about the same in intraccllular organelles as in
the cell ghost fraction.

TrkA in intracellular organelles was bound to PLC-y1

Another measure of TrkA activation, one that contributes to
TrkA signaling leading to differentiation, is binding of PLC-yl
(Stephens ct al., 1994). To determine whether PLC-yI was bound
to internalized TrkA receptors, we examined immunoprecipitates
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from cells that were incubated with NGF, or left untreated, at 4°C
and then warmed for 10 min at 37°C before chilling (4°C). After
permeabilization, cells were fractionated into P1, P2’, and S2'.
For these experiments, lysates were immunoprecipitated with
antibodies to PLC-y1 (Fig. 10, lanes 1, 2, 5, 6, 9, and 10), with
anti-Trk (1088; lanes 4 and 8), or with anti-Trk followed by
anti-PLC-y1 (lanes 3 and 7). In P1, P2’, and S2’, there was a
marked increase in tyrosine-phosphorylated PLC-yl with NGF
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Figure 6. Sucrose gradient fractionation of internalized
NGF. Cells incubated with ['*I|NGF (1 nm) for | hr at
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Figure 7. TrkA was cross-linked to NGF in intracellular organclles. Cells
were incubated with ["**IINGF (1 nm), washed, warmed 10 min (37°C),
chilled (4°C), and then permeabilized and fractionated as in Figure 4. The
membrane-permeable cross-linking reagent DSS was added before frac-
tionation. One-fifth of the cell ghost membranes (P/), the entire 8000 X
g pellet (P2), the entire 100,000 X g pellet (P3), and one-tenth of the
100,000 X g supernatant (83) were immunoprecipitated with 1088 and
analyzed by SDS-PAGE and autoradiography. The arrow marks the cross-
linked complex containing TrkA and ['**I|NGF in P1, P2, and P3. There
was no cross-linking when [ |NGF binding was carried out in the
presence of unlabeled NGF (1 uM). The amount of ['**1|NGF cross-linked
to TrkA was quantified by Phosphorlmager.

treatment (A, lane I vs 2, 5 vs 6, and 9 vs 10). In the membrane
fraction, there was a corresponding band for PLC-y1 protein, and
the amount of this was slightly increased with NGF treatment (B,
lane 1 vs 2 and 5 vs 6). In the Pl and P2’ fractions, there was an
additional tyrosine-phosphorylated band that migrated below
PLC-yl, whose amount was incrcased by NGF treatment. Evi-
dence that this band corresponded to tyrosine-phosphorylated
TrkA is as follows. (1) Tyrosine-phosphorylated TrkA was present
in these fractions after NGF treatment [Figs. 8, 10A4 (lanes 4 and
8)]. (2) The tyrosine-phosphorylated band below PLC-yl mi-
grated at the position expected for TrkA (Fig. 104, lanes 2 and 6).
(3) When cells were treated with NGF, TrkA was present in the
PLC-y1 immunoprecipitates formed with antibodies to PLC-yl
(Fig. 10C, lane 1 vs 2 and 5 vs 6). (4) When lysates were first
cleared by immunoprecipitating with anti-Trk, in the subsequent
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sucrose velocity gradient fraction

—— 100,000 % g for 1 hr. Gradient fractions were collected

2 5 from the bottom of the tube. ['**I|NGF was quantificd in

cach fraction. Data are representative of two
experiments.

PLC-yl immunoprecipitate there was a marked decrease in the
amount of tyrosine-phosphorylated PLC-vy1 (Fig. 104, lane 2 vs 3
and 6 vs 7). In the P2’ fraction, the amount of PLC-yl was also
decreased after preclearing with anti-Trk (Fig. 10B, lane 6 vs 7).
These data show that TrkA in intracellular organelles is associated
with PLC-y!l and are further evidence for the ability of activated
TrkA in intracellular vesicles to signal.

DISCUSSION

NGF signaling must be communicated from the target of respon-
sive neurons to their cell bodies. Our studies were aimed at
exploring the hypothesis that endocytosed activated TrkA recep-
tors serve as the retrograde message (Grimes et al., 1993). We
discovered that (1) NGF induced rapid internalization of TrkA in
PC12 cells, (2) NGF and TrkA were both found in intracellular
vesicles, (3) NGF was bound to TrkA in these vesicles, and (4)
TrkA receptors in vesicles were activated, as assessed by tyrosine
phosphorylation and association with PLC-yl. Our findings raise
the possibility that it is through the creation of signaling endo-
somes containing activated TrkA that NGF signals retrogradely to
regulate neuronal survival and differentiation.

Target-derived NGF is critical for the normal survival and
differentiation of several populations of PNS and CNS neurons
(Levi-Montalcini, 1987; Longo et al., 1993; Crowley ct al., 1994; Li
ctal., 1995). Given that NGF gene expression is localized to target
tissues (Longo et al., 1993), a mechanism must exist to carry the
NGF signal retrogradely from the processes of neurons to their
cell bodies. Studies characterizing retrograde NGF signaling
showed that although NGF and the signal were similar with
respect to both the time course for retrograde transport and the
requirement for microtubules (Hendry et al., 1974b; Paravicini et
al., 1975; Hendry and Bonyhady, 1980), NGF itself was not the
signal (Heumann et al., 1984). One possibility for the NGF signal
is an intracellular signaling intermediate that is distinct from the
receptor. Another is an activated NGF receptor or NGF-NGF
receptor complex that continues to signal after endocytosis.
Whether p75N'™ signals, and if so, whether it could serve as a
retrograde signal for NGF, is an active area of investigation
(Bothwell, 1996; Carter et al., 1996). Significantly, p75™'® is
retrogradely transported in NGF-responsive CNS and PNS neu-
rons (Taniuchi and Johnson, 1985; Johnson et al., 1987; Raivich et
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ofr >Sition of surface receptors on PC12 cells, the internalization
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and gpl 10" are noted. Bortom, TrkA immunoprecipitates (as above) were Western-blotted and probed with anti-phosphotyrosine antibody (4G 10)
by 'S abeled goat anti-mouse 1gG. Data were taken directly from the Phosphorlmager. The position of the tyrosine-phosphorylated 140 kDa band
<d exactly with TrkA. Tyrosine-phosphorylated TrkA was present in 21, P2, and 3 in NGF-treated cells.

confocal microscopy studies that showed an increase in TrkA in
bright, punctate structures near the cell surface after NGF addi-
tion. These organelles were evident soon after NGF treatment
and persisted through 60 min. Using Scll, an antibody to the C
terminus of TrkA, there was comparatively little TrkA staining at
the surface of cells. However, we know that TrkA is present at the
cell surface because of our biotinylation and cross-linking studies
(Zhou et al., 1995). Also, we were able to stain the surface of live
cells with RTA, a TrkA extracellular domain antibody (Clary et
al., 1994) (D. Hall and W. Mobley, unpublished observations),
which suggests that certain epitopes are more casily detected than
others at the cell surface. In some TrkA-positive organelles,
staining with antibodies to TrkA colocalized with staining for the
clathrin heavy chain and for a-adaptin. Colocalization of TrkA
with these markers indicates that TrkA internalization is medi-
ated, at least in part, through clathrin-coated pit-mediated endo-
cytosis. Many of the TrkA-positive organelles of the same size and
distribution that failed to stain with antibodies to clathrin and
a-adaptin may also have been derived from this pathway. Taken
together, our findings suggest that activation of TrkA enhances
recruitment of the receptor into clathrin-coated pits. In this re-
spect, TrkA may behave as do other receptor tyrosine kinases
(Lamaze and Schmid, 1995).

Surface downregulation targets other receptor tyrosine kinases
to lysosomes and is believed to serve an important role in regu-
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top of Figure 8 were quantiticd by densitometry and plot-
P2 - ted with error bars (=SEM). The proteins, conditions, and
fractions are labeled at the fefr. B, Data tor tyrosine-
P3 - phosphoryliated TrkA from three experiments as in the
s3 bottom of Figure 8 were quantified by Phosphorimaging or
densitometry and plotted as in 4. The values are reported
as i percentage of total tyrosine-phosphorylated TrkA in
1 = ; : S ;
+ NGFP1 — P<000 NGF-treated cells. C. The specific activity of TrkA tyrosine
hosphorylation was the ratio of the amount of tyrosine-
P<0.001 phosphorn yrosine
P2 _ < phosphorylated TrkA to the amount of gp140'™*, plotted
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lated using data from four individual experiments. Ditfer-
S3 ences between the 22 and P23 (ractions within a treatment
N group were not significant. When comparing fractions from
0 10 20 30  control and NGF-treated cells (for example, Pl-control vs

TrkA specific activity

lating signaling (van der Geer et al., 1994). There was evidence in
our studics that endocytosed TrkA was also targeted to lysosomes.
In contocal microscopy. we noted marked redistribution of TrkA
to the juxtanuclear region in NGF-treated cells. By 60 min,
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PI-NGF-treated), significant differences. calculated using
Student’s 7 test, are indicated by the probability value (P).

staining for TrkA at this site was quite intense. Using confocal
microscopy, some juxtanuclear TrkA staining was colocalized with
GMI0, a lysosomal marker. This finding suggests that these TrkA
molecules were destined for degradation, a view consistent with



Figure 10. PLC-yl was bound to TrkA in

intracellular organelles. PC12 cells incubated
at 4°C for 1hr with NGF (1 nM; fanes 2~ 08, . P1 P2’ S22’ Blot
10) or without NGF (lanes 1. 5, 9) were [ ] I .
warmed 10 min at 37°C. Cells were chilled ! r 1 anti:
(4°C). permeabilized, and fractionated as in . il -
Figure 4. P1, P2, and 52" were lysed and P-]l:l'E/{ _ . - !!‘. ‘) L “ bl p-tyl'
& o

immunoprecipitated with anti-PLC-y-1 (lanes

1,2, 5, 0, 9. 10)or anti-TrkA (1088; lanes 4, 8).

In Jeannes 3 and 7, TrkA-immunoprecipitated
lysates were subsequently immunoprecipitated
with anti-PLC-yl. Immunoprecipitates were
Western-blotted  with  anti-phosphotyrosine
antibody (4Gl0; 4) and then stripped and
reprobed  with anti-PLC-yl (8) and. finally,
with anti-TrkA (RTA: C). Chemilumines-
cence was used for detection: £ oand $2°, 1
Mmin exposure; P2, 2 hr exposure. The posi-
lions  for PLC-yl and TrkA are indicated.
NGF treatment resulted in association of
Yyrosince-phosphorylated TrkA and tyrosine-
phosphorylated PLC-yl in P/ and P2' (scc
lext). Although anti-PLC-yl brought down
TIkA in £27 and P2 after NGF treatment (A,
f(o‘ leartes 2, 6), PLC-yl was not reproducibly
(/’I"',""f on  blots of TrkA immunoprecipitates
G it(" _"‘v &, A, 1). Because TrkA immunupru;-
lu{: h“;";"_" Clearly brought down PLC-yl in
Trica il;:“d £2'. the complexes present in the
unsta bl Munoprecipitates may have been

PLCy =

NGF:

Z:L';:; Studices in which NGF treatment for 60 min m.urkcdly
sizniﬁcﬁed total cellulfnr TrkA levels (lZ.I)()u et al., 199;). The
s‘;'“t:s }“nCe of the perinuclear TrkA staining not present in lyso-
dcur;.u‘.b uncertain. Itis hkel_y these receptors are also q§st||1c(l for
Sih\ilit auup. However, earlier studies suggest an additional pos-
fite it’\- Using EM, Schwab (1977) detected an NGF-HRP conju-
of ady nUl\|x5()S()m:|I smooth vesicles in the perinuclear cy}()plusnm
MtOp. Q“‘l'i-"l'glc neurons. Bernd and Grcgne (I98.‘f), using EM
e i :‘dlogruphy to detect labeled NGF, ﬁound grains well above
provz.round at the nucl«‘:ur membraful:. It is possible, ulthough not
TR TN n“‘ that the ‘TrkA-lmmunnposmvc ‘o!'gnr)cllcs present in the
deayy ucleifr region |ls0 contauncd' NGF. If so, they would be
8 s y‘ Positioned to initiate NGF signaling lcading to changes in
e _SXpression.
lips 'S_ Passible that activated TrkA receptors inlcrnulizcd.zn lh'c
Hlte oy axons would be targeted to !ysosopws. Howcyer, if acti-
Oy i rKA is the retrograde NGF signal, it mus} avoid degra@n-
oxy N the axon. Current evidence suggests that it would. Studies
(RS TSN ?e endosomal-lysosomal pathway in neurons (Parton ct al,,
C:an il Hollenbeck, 1993; Parton and Dotti, 1993; Nixon and
Gy o, 1995) suggest that late endosomes and‘lysosomcs‘urc
Ir‘qe fd predominantly in the cell body and proxlmal dendrites.
Press ©d, there was no evidence for these organclles in the axons or
i ¥ NMaptic terminals of cultured hippocampal neurons (Parton et
a"‘“’rll ??2)- Further evidence to suggest that degradative u(ftivily in
Arey | = s ~limited is that a minority of endocytic organelles in axons
a \,::}c'dlc, and those that are present have an average pH of 5.4,
1()95 e congistent with that for late endosomes (Overly et al.,
r"k - These obscrvations suggest that endocytosed NGF and
gr;,qe' ‘Would remain intact during relmgrudg transport. Retro-
(Cy a. Y transported NGF was shown tolbc intact in one study
Q‘)nj u e et al, 1982), and in anqlhcr. using EM. an NGF—HRP
dey &Zate was found in multivesicular bodies in cell bodies and
T#tes but not in axons (Schwab, 1977). Moreover, TrkA
gr“ddy transported in the sciatic nerve was apparently intact
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(Ehlers et al., 1995). These data suggest that NGF, and the TrkA
receptors endocytosed in response to NGF, resist degradation
during retrograde transport.

Cell fractionation studies were used to characterize the or-
ganelles that contained NGF and TrkA. A very gentle method of
homogenization was chosen in order to avoid contaminating in-
tracellular organelles with bits of plasma membrane (Martin and
Walent, 1989; Grimes and Kelly, 1992b). Based on data for the
kinetics of NGF and TrkA internalization and degradation in
PC12 cells (Bernd and Greene, 1983, 1984; Layer and Shooter,
1983; Hosang and Shooter, 1987; Eveleth and Bradshaw, 1988;
Zhou ct al., 1995), we examined organelles produced after a brief
period of internalization (10 min) so as to restrict our attention to
primary cndocytic vesicles, endosomes, and the vesicles derived
from them. NGF and TrkA were both present in the large and
small vesicle fractions. Indeed, using a membrane-permeable
cross-linking reagent, we found that NGF was bound to TrkA in
these fractions. Given the need for receptor dimerization to
induce TrkA activation (Jing et al., 1992), it is possible that
persistent NGF binding to TrkA may be required to maintain
TrkA kinase activation. In recent studics using 3T3 cells express-
ing TrkA, we have found that most NGF bound to surface
receptors at pH 7.4 remains bound at pH 5.5 (J. Zhou and W.
Mobley, unpublished observations), i.e., near the average pH for
acidified cndocytic organelles in axons (Overly et al., 1995). Thus,
some NGF could remain bound to TrkA during retrograde trans-
port. It will be important to define further the organelles that
contain NGF and TrkA, those in which NGF is bound to TrkA,
and those that carry activated TrkA retrogradely. In earlier stud-

ies of NGF retrograde transport in axons, NGF was found in
smooth-walled tubules (45-60 nm) and in clear vesicles ranging in
diameter from 50 to 150 nm (Schwab, 1977; Claude ct al., 1982).
Recent data (M. Grimes, E. Beattie, and W. Mobley, unpublished
observations) in which in vitro reactions were used to characterize
organclles that emerged from permeabilized cells suggest that P2



contains clathrin-coated vesicles and that P3 contains uncoated

primary endocytic vesicles as well as transport vesicles (Grimes

and Kelly, 1992b). We do not know which organelle(s) carries the
NGF signal, but small transport vesicles are an attractive possi-
bility (Grimes et al., 1993).

NGF binding to TrkA in intracellular vesicles suggested that
activation of TrkA receptors persisted after endocytosis. Evidence
for this was the presence of tyrosine-phosphorylated TrkA in both
P2 and P3 after NGF treatment. NGE markedly increased the

Specitic activity of tyrosine-phosphorylated TrkA in all cell frac-
tions. TrkA signaling is communicated through the activation of
signaling intermediates, including PLC-yl. Immunoprecipitation
of TrkA in intracellular organclles of NGF-treated cells showed
that  activated TrkA formed a complex with tyrosine-
Phosphorylated PLC-yl. In preliminary studics, we have shown
that tyrosine-phosphorylated SHC is also associated with acti-
Vated TrkA in intracellular organelles (J. Zhou and W. Mobley,
Unpublished observations). These data link activated intracellular
TrkA to important signaling cascades (Stephens et al., 1994) and
thereby suggest strongly that internalized activated TrkA recep-
tors are capable of signaling. Together with the data of Ehlers et
i’“ (1995), our observations support the hypothesis that through
;]’;‘:tlcg'tosis 'ot' activated Tr?(A. NGF creates :\‘ignuling endosomes
done t:":y its r(?trl)grzlde s:gnulj To test this |'deu. slud@s must be
can initi etCmee'whclhcr acllvz!lcd‘TrkA in endocytic vesicles
Ate NGEF signal transduction in the neuron cell body.
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Chapter Three
A signaling endosome hypothesis to explain NGF actions. Potential implications for

neurodegeneration.

Introduction
This chapter is a summary of our work investigating TrkA as the best candidate
for the retrogradely trafficked trophic signal initiated by NGF binding. In PC12 studies
we  sought to determine by confocal microscopy whether TrkA and clathrin were
co 1 ©Ocalized and what trafficking responses TrkA made after NGF treatment. In response
to TIGF, cells displayed a rapid increase in the colocalization of clathrin heavy chain and
TxB< A staining at the plasma membrane.

Biochemical studies detailing TrkA and NGF association in PC12 endosomal

fr-== «<tions showed further evidence that TrkA is capable of signaling after endocytosis.

NI «=~wv data not published prior to this chapter include: 1) confocal micrographs showing
¢« 1 ©ocalization of markers of lysosomal and TrkA proteins after 20 minutes of NGF
23> p>lication to PC12 cells; 2) a new application of the method of TrkA and NGF
‘W« s slinking, confirming that NGF and TrkA are associated in endosome fractions from

«==ated PCI2 cells; and 3) Shc and TrkA association after NGF application in PC12 cells.
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A Signaling Endosome Hypothesis to Explain NGF
Actions: Potential Implications for Neurodegeneration

E.C. BeatTig,'5 J. ZHou,25 M.L. GriMESs,* N.W. BunnetT,! C.L. Howg,3 AND W.C. MOBLEY23

lDe’partmenl of Physiology, 2Department of Neurology, and *The Neuroscience Program, University of California, San
Francisco, California 94143; *Department of Biochemistry, Massey University, Palmerston North, New Zealand

Nerve growth factor (NGF), a polypeptide
Neurotrophic factor of the neurotrophin (NT) gene
family, acts to enhance the survival and differentiation
of specific populations of neurons in the central (CNS)
and peripheral (PNS) nervous systems (Levi-
Mon talcini 1987; Yuen and Mobley 1995). NGF acts by

blnding to both high- and low-affinity receptors. Its
rece p> tors are p7SNGFR and TrkA. p75NGFR s a recep-

lor fo»r all the neurotrophins, exhibiting binding af-
fini tie s in the nanomolar range (i.c., low-affinity bind-
Ing)  Meakin and Shooter 1992; Bothwell 1995). The
folee @« hat p75NGFR plays in NGF signaling is not well
defi xm «=d; however, in addition 1o a direct signaling func-
liors ¢ Bothwell 1996; Carter et al. 1996; Taglialatcla et
al. 1 <»9g), p7SNGFR has been shown to modulate NGF
bincd & mg and activation of TrkA (Mcakin and Shooter
199> - Davies et al. 1993; Barker and Shooter 1994;
Ha x ®€ =zopoulos ct al. 1994; Mahadco et al. 1994; Verdi
Cl=a B . 1994; Bothwell 1995). TrkA is a receptor tyrosine
kimmasc (Kaplan et al. 1991; Klcin et al. 1991; Mcakin
anc®  =Shooter 1991). Although the exact composition of
h'gh — &ffinity receptors is controversial (Hempstead ct
al, 1 99]; Mcakin and Shooter 1992; Mahadco et al.
19<>—3 ; Bothwell 1995), TrkA alone has been shown to
('e= == & € both high- and low-affinity NGF-binding sites
l(hh =B &= et al. 1992). It is also the receptor responsible for
ch-»e = B owly dissociating component of NGF binding that
1g =R ®-aacterizes high-alfinity receptors (Meakin et al.
rema =2 ): NGF binding causes TrkA dimerization with
»; i Ting activation of its kinase domain (Kaplan et al.
o — T 1 Kiein et al. 1991; Meakin and Shooter 1991; Jing
re=s =1_ 1992) Autophosphorylation of certain tyrosine
cre‘dlles in the intracellular domain of the receptor
te m— =& =R ess sites for binding and activation of signaling in-
a (;“'1 <= diates which continue the signal transduction cas-
" <= (Stephens et al. 1994). Phospholipase C-y (PLC-
lh- - = HC(@n adapter protein containing sequences to
arL S rc domain 2), and phosphatidylinositol 3 kinase
a = B< nown intermediaries in this cascade (Stephens et
sié R <994, The significance of TrkA activation for NGF
e '_"‘ =& ling has been tested in vitro and in vivo. In cul-
cal <= «<R cells, TrkA activation induces many of the typi-
< T®curonal responses o NGF (Loeb and Greene
—= 3. TrkA also plays an important role in NGF sig-

_—
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naling in vivo. Animals in which the gene for TrkA was
disrupted showed marked abnormalities in the devel-
opment of NGF-responsive neurons in the CNS and
PNS (Smeyne et al. 1994).
In earlier studies, we dcfined NGF-responsive CNS
neurons by localizing TrkA gene expression and by
demonstrating that all TrkA-expressing populations
responded to NGF with hypertrophy of the cell body
(Holtzman et al. 1992, 1995). Significantly, some of
these populations do not express p7SVGFR, These data
suggest that in these neurons Trk A is able to transduce
the NGF signal. To further characterize NGF actions,
we examined gene expression in the NGF-responsive
cholinergic neurons of the basal forebrain (BFCN) and
caudate-putamen (CPCN). Consistent with findings in
earlier studies (Johnston et al. 1987; Fusco et al. 1989;
Higgins et al. 1989), NGF treatment induced an in-
crease in mRNA for choline acetyltransferase (ChAT)
in both populations (Holtzman et al. 1992). Remarkab-
ly, TrkA cxpression was also increased by NGF. In-
tracerebroventricular infusion of NGF into adult rats
for 2 weeks led to approximately a 60% increase in
TrkA mRNA in both BFCNs and CPCNs (Holtzman
et al. 1992). These data show that NGF signaling is pos-
itively linked to expression of TrkA. Such a rela-
tionship also appears to exist undcr physiological con-
ditions. Studics in developing animals show that TrkA
expression in BFCNs parallels that for NG F expression
in the hippocampus and ncocortex, the target ficlds of
BFCN axons, and that TrkA cxpression is suppressed
by infusion of specific NGF antibodies (Li et al. 1995).
Itis often the case that ligands negatively regulate their
receptors (Collins et al. 1992). Thus, the NGF cffect on
TrkA was surprising and unexplained.

To pursuc further the mechanism and significance
of NGF actions on TrkA expression, we carried out
studics in PC12 cells, a ncuron-like cell line that has
been used extensively to characterize NGF signaling
(Tischler and Greene 1975; Stephens et al. 1994; Zhou
et al. 1995). Our findings demonstrate that NGF has
widespread cffects on TrkA, regulating activation, traf-
ficking, degradation, and synthesis. How these actions
arc integrated was suggested by noting distinct phases
in the NGF response: an carly phase characterized by
down-regulation of TrkA and a later phase that fea.
tured enhanced TrkA expression. Dramatic down-
regulation of surface TrkA within minutes of NGF
treatment, with subscquent degradation of TrkA
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Taised the possibility that NGF induces internalization
Of activated TrkA receptors and targets them to
lysosomes. We gathered evidence to show that this is
the case. Our findings suggest that it is through the
formation and retrograde transport of activated TrkA-
Containing signaling endosomes that NGF released in
the target of responsive ncurons acts to regulate gene
€xpression to support survival, differentiation, and
Maintenance. NGF-induced increases in TrkA expres-
Sion may serve lo replace receptors degraded after car-
rying the retrograde signal. Certain aspects of these
Studies have been reported previously (Zhou et al.
1995 Grimes et al. 1996).

MATERIALS AND METHODS
Materials
B is(sulfosuccinimidyl)suberate  (BS?),  disuccini-

midyl suberate (DSS), and NHS-SS-biotin were ob-

tai rxed from Pierce (Rockford, Illinois). Normal goat

Seraam and Vectashicld mounting medium were from

V e« tor Laboratorics, Inc. (Burlingame, California).

E >c —eept as noted herein, or as indicated (M.L. Grimes

et a&al, in prep.), Sigma (St. Louis, Missouri) was the

s wa wrce of all other reagents and chemicals. NGF was

P < goared as described previously (Mobley ct al. 1986)

asn<® was labeled with '3 (Amersham, Arlington

HI < a ghts, Ilinois) using lactoperoxidase, as modificd

fr-«> ww Vale and Shooter (Vale and Shooter 1985; M.L.

S = @ wnes et al, in prep.). 1088 is a rabbit antibody

a g = unst the carboxyl terminus of human TrkA. It was

P = a = ified using protein A-Scpharose (Pierce) and has

F>e <= n characterized previously (Zhou ct al. 1995). Scll

IS=  z=m mother rabbit antibody to the carboxyl terminus of

M w_ = wwan TrkA (Santa Cruz Biotechnology, Santa Cruz,

C— =1 #fornia). RTA is a rabbit antibody against the cx-

! =~ =2 cellular domain of rat TrkA (Clary et al. 1994;

"2 <idi-Phillipi et al. 1996). X22 is a mouse monoclonal

™ ™ m Libody to the clathrin heavy chain (Brodsky 1985).

-6 is a mouse monoclonal antibody to the a-adaptin

L ~k D subunits (Chin et al. 1989). GMI10 is a mouse

=R <> noclonal antibody that stains lysosomes (Grimaldi

= ® =), 1987; Grady ct al. 1995). The antibody to PLC-yl

as a mixed monoclonal antibody; 4G10 is a mouse

=R <> n oclonal antibody to phosphorylated tyrosine; the

=™ T2 T ibuody to SHC is a rabbit polyclonal antibody (all

W~ «<>w»mn Upstate Biotechnology Inc., Lake Placid, New

™ «<»wk) 2[labeled goat anti-mouse was prepared

Lassi mag Na'Xl (Amersham), iodobeads (Picrce), and

Lg()a t-anti-mouse (Pierce) according to the manufac-

"R ¥ =15 instructions, and desalted on a PD-10 column
CEmpy armacia Biotech, Inc., Piscataway, New Jersey).

Methods

. "4l culture procedures for biochemical examina-
'T.oh"" PC12 cells were maintained in Dulbecco’s
«tified Eagle's (DME H-21) medium supplemented

with 10% heat-inactivated horse serum, 5% fetal calf
serum, 100 units/ml penicillin, and 100 pg/ml strcp-
tomycin. PC12 cells not treated with NGF are also
referred to as “‘naive” cells. PC12 cells were “‘primed”
by incubating with mouse NGF (50 ng/ml = 1.9 nM) for
at least 1 week (Zhou et al. 1995). For binding and sur-
face cross-linking experiments, culture plates (Falcon)
were precoated with rat tail collagen (Collaborative
Biomedical, Bedford, Massachusctts). Immediately be-
fore each experiment on primed cells, the cells were
washed three times with NGF-free, fresh tissue culture
medium for 2 hours at 37°C.

RNA isolation and Northern blot analysis. The
procedures used were essentially those described pre-
viously (Holtzman et al. 1992). PC12 cclls grown to
30% confluence were trcated with mouse NGF (50
ng/ml) at 37°C for the times indicated. Cells were har-
vested and total RNA was preparcd using guanidinium
isothiocyanate extraction. For Northern blots, 20 pg
of total RNA was clectrophoresed on 1% agarose-
formaldehyde gels and blotied to Genescreen
(Dupont, Boston, Massachusctts). Blots were probed
with 32P-labcled cDNAs for rat trkA, rat p7SNGFR or
185 rRNA. After washing at high stringency, blots
were exposed to X-ray films and quantitated as de-
scribed previously (Zhou ct al. 1995).

Immunoprecipitation and Western blotting of
whole-cell lysates. Immunoprecipitation and Western
blotting were performed as described previously (Zhou
et al. 1995). PCI12 cclis were lysed at 4°C in lysis buffer
#1 (20 mM Tris HCL, pH 8.0, 150 mm NaCl, 1% NP-40,
10% glycerol, 1 mm sodium orthovanadate, and a cock-
tail of protcase inhibitors (1 mm phenylmethylsulfonyl
fluoride 10 mg/ml benzamidine, 1| mg/ml o-phenan-
throline, 0.1 mg/ml cach of pepstatin, chymostatin,
leupeptin, and aprotinin). Lysates (1 mi) were im-
munoprecipitated while rocking overnight at 4°C with
antibodies to TrkA (1088) (10 mg), PLC-yl (5 mg), or
p75NGFR (7 mg) (REX), and immunoprecipitates were
collected and processed according to the method of
Zhou ct al. (1995). After boiling for § minutes in 50 pl
of 2x SDS-PAGE sample buffer (2% SDS, 10%
glycerol, 0.1 M DTT, 125 mM Tris, pH 6.95, 0.1%
bromophenol blue), they were subjected to 7.5% SDS-
PAGE and transferred to nitrocellulose. For examin-
ing TrkA, blots probed with 1088 or RTA were in-
cubated with 1 uCi '*L-labeled protcin A (Amer-
sham). For mcasuring phosphotyrosine, blots were in-
cubated with 4G 10, then washed and incubated with
goat  anti-mouse [gG  antibodies  (Bochringer
Mannheim Corporation, Indianapolis, Indiana) prior
to using '’I-labeled protcin A or the ECL chemi-
luminescence system (Amersham) for detection. All
blots were exposed to X-ray film, and band intensitics
were quantified on a densitometer (LKB Ultroscan,
Gaithersberg, Maryland) (Zhou et al. 1995).
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NGF binding and cross-linking to surface recep-
tors. PC12 cells were maintained as indicated. Naive
and primed cells were sceded in six-well collagen-
coated plates at a density of 5 x 10° cells per well 2 days
before assay. Naive cells and primed cells (washed free
of NGF for 2 hours at 37°C with culturc medium) were
washed with binding buffer at 4°C for 10 minutes and
then incubated in binding buffer containing '2I-
labeled NGF at either 100 pM or 2 nM for 2 hours at
4°C. To measure binding to slowly dissociating recep-
tors, cells were washed in NGF-free binding buffer at
4°C for 1 hour. For internalization studics, cells bound
to NGF at steady state were incubated at 37°C for vari-
ous time periods and chilled to 4°C. Internalized NGF
was then measured, as indicated previously (Zhou et
al. 1995). To measure down-rcgulation of surface
gp140T™kA cells (107/15-cm dish), plated 2 days before
the experiment, were washed and then incubated with
125].labeled NGF, as above. They were then warmed to
37°C for 1 hour, and chilled (4°C) before cross-linking.
To measure cross-linking to slowly dissociating recep-
tors, cells were washed in ligand-free binding buffer at
4°C for 1 hour prior to cross-linking.

To cross-link NGF to gp140T™*A BS® was added to a
final concentration of 0.8 mM in binding buffer.
Samples were incubated at 4°C for 30 minutes, washed,
and lysed in lysis buffer, as above. 'Zl-labeled
NGF/gp140TkA complexes were immunoprecipitated
with 1088. The immunoprecipitates were boiled in the
SDS-PAGE sample buffer for 5 minutes and subjected
to SDS-PAGE using a gradicnt resolving gel (5.0%
acrylamide with 0.1% bisacrylamide to 12.0%
acrylamide with 0.5% bisacrylamide). Gels were fixed
in 20% methanol with 10% isopropanol and 10%
acetic acid, dried, and exposed to X-ray film or to a
phosphorimager screen.  Quantitation  was  via a
Molecular  Dynamics Phosphorimager  (Molecular
Dynamics, Sunnyvale, California).

Cell surface biotinylation. Cells were incubated
with or without NGF (1 nm) for 30 minutes at 4°C in
PBS with I mg/ml glucose, and NHS-SS-biotin (0.5
mg/ml) was then added. The mixture was incubated
with gentle rocking for 90 minutes at 4°C. Cells were
pelleted (1000 rpm for S min) and then washed 3 times
in cold PBS containing 1 mm lysine. Samples were then
processed as indicated previously (M.L. Grimes et al.,
in prep.) producing three equal aliquots. Aliquot #1
was held at 4°C. Aliquot #2 was treated at 4°C with 50
mM reduced glutathione in 50 mm Tris, pH 8.6, 100 mm
NaCl 1 mg/ml glucose, and | mg/ml BSA for 30
minutes. This treatment was repeated twice. Aliquot #3
was warmed o 37°C for either 10 or 20 minutes to al-
low endocytosis, and then treated with glutathione as
above. All aliquots were then incubated 1 hour on ice
in 0.2 ml lysis buffer #2 (20 mm Tris, pH 8.0, 150 mm
NaCl, 1% NP-40, 1| mm EDTA) containing 1% BSA
and 1 mg/ml iodoacctamide. The lysates were
centrifuged 10 minutes at 10,000g. SDS (final con-

27

centration 0.5%) was added to the supcrnatant, and
the lysates were boiled for 5 minutes. Lysis buffer #2
(0.8 ml) was then added, and TrkA was immunopre-
cipitated with 1088 (12 pg). Each lysate was divided
into two parts. The first was used to detect the amount
of biotinylated TrkA. Proteins were separated on non-
reducing 7.5% SDS-PAGE, transferred to nitrocel-
lulose (Hoefer Pharmacia Biotech Inc., San Francisco,
California), and blotted with '25I-labeled streptavidin
(Amersham). Biotinylated TrkA was quantified by
Phosphorlmager (Molecular Dynamics, Sunnyvale,
California). The second part was used to quantitate
TrkA protcin. It was submitted to 7.5% SDS-PAGE in
a reducing environment, transferred to nitrocellulose,
and blotted with 1088 (1:500). The signal was devel-
oped using '?*I-protein A (Amersham) and quantified
using the PhosphorImager. The signal for biotinylated
TrkA was normalized to the amount of TrkA protein.
The TrkA available for internalization was calculated
as follows: aliquot #1 - aliquot #2. TrkA internalized
during warming was not susceptible to reduction with
glutathione. The amount of TrkA internalized was cal-
culated: aliquot #3 - aliquot #2. The percentage of
TrkA internalized was calculated as follows: aliquot
#3 - aliquot #2) (aliquot #1 - aliquot #2) x 100.

Immunostaining and confocal microscopy. Cells
were plated on 8-well chamber slides (Nunc Inc.,
Naperville, Illinois) that had been coated with Matrigel
(Collaborative Biomedical Products) using a 1:200
dilution in PBS (Ca**- and Mg**-free) overnight at
4°C. Wells were washed 3 times with cold PBS. PC12
cells were plated in DME H-21 medium with 10%
horse serum and 5% fetal calf serum 1-2 days before
experiments. After aspirating the medium, NGF (2 nm)
was added to cells for 30 seconds, 2 minutes, or 60
minutes in 300 pl of DME H-21 containing 0.5 mg/ml
bovine scrum albumin, 10 mm HEPES at 37°C. This
medium, without NGF, was added to controls.

Cells were fixed on ice with 1% paraformaldehyde
in PBS for 15 minutes. Cells were permeabilized in PSS
(PBS with 10% normal goat scrum and saponin [l
mg/ml]) at room temperature for 30 minutes, changing
the solution every 10 minutes. Primary antibodies were
diluted in PSS (sc1l at 1 pg/ml; X22 at 3.1 pg/ml; GM10
at 1:6000; AP.6 at 8 ug/ml) and incubated with cclls
overnight at 4°C. After three 10-minute washes with
PSS, secondary antibodies diluted in PSS (FITC-
conjugated goat-anti-rabbit IgG at 1:100; Texas Red-
conjugated goat-anti-mouse immunoglobulins 1:200;
both from Cappel Rescarch Products, Durham, North
Carolina) were applicd for 45 minutes at room temper-
ature. After 3 washes in PBS, coverslips were mounted
using Vectashicld mounting solution. No staining was
evident when primary antibodies were excluded. For
Scl1, preliminary incubation (overnight, 4°C) with the
peptide immunogen (10 pg/ml) eliminated staining.

Ceclls were observed with an MRC 1000 Laser Scan-
ning Confocal Microscope (Biorad Laboratories, Inc.,



Hercules, California) equipped with a krypton/argon

laser and attached to a Zeiss Axiovert microscope. A

Zeiss Neofluor x 100 oil-immersion objective with a

numerical aperture of 1.3 («0.17) was used, and images

Were collected using an aperture of 3-4 mm and a

Zoom of 2-3. Typically, 10-20 optical sections were

taken at 0.5-pum intervals through the cells. The resolu-

tion of the confocal microscope in the X-Y axis was
170-200 nm, and in the Z axis was 230-400 nm. Images
Of 768 x 520 pixels were obtained. Images were pro-
cessed using Adobe Photoshop 3.0 (Adobe Systems
Inc., Mountain View, California) and printed using a
Techtronix Printer. In experiments in which markers
were colocalized, colocalization was confirmed by ex-
amining individual organelles at higher magnification.
In  addition, we ensured that colocalization was
elimminated by merging overlaying, but noncoincident,
Sections. The images shown correspond to optical sec-
ti o ms through cells at mid-height.

"X o count TrkA-positive vesicles or TrkA/clathrin

co I calizations near the surface of cells, images of indi-
vicd wal optical sections were examined. The edge of the
ce k1 was defined as the outermost limit of staining for
thhe clathrin hcavy chain, and this was marked with a
Ii xme=. A second line was drawn 0.5 um interior to the
fi = w, and all bright, punctate TrkA-positive vesicles be-
t~ar «=cen the lines were counted. The number of these
v e= =5 icles was then recorded per cell or was divided by
tEa«= perimeter of the surface of the cell to yicld a value
£« w— the number per micron of cell perimeter.

&ell fractionation. In some experiments, cells were

R == tincubated with or without NGF (1 nM) in binding
> w_a € fer at 4°C for 1 hour. They were then cither washed
= ?‘i <fly in binding buffer, or not washed, and warmed in
=2 Tading buffer for 10 min at 37°C. In other experi-
=W R <= nts, NGF was added to cells at 37°C. Cells were
& Fwen chilled (4°C) and washed in PBS with 1 mm
BE=_TTA and | mm EGTA, and then in a cytoplasm-like
&> i frer (buffer B) (38 mm cach of the potassium salts of
=A== pP>artic, gluconic, and glutamic acids; 20 mm MOPS; 5
SERAAa reduced glutathione; 10 mMm potassium  bicar-
bonate; 0.5 mM magnesium carbonate; | mm EGTA; 1
= ERAN4 EDTA: pH adjusted to 7.1 at 37°C with potassium
e S <A roxide). Cells were resuspended in 0.5 ml buffer B
Q()"‘Ilaining protcinase inhibitors (as for lysis buffer #1).
SC'CIium orthovanadate (1 mMm) was included to inhibit
= <Osphatase activity for the experiments shown in Fig-
SR w<=s 1l and 12. To permeabilize cells, we used a ball
a <= wogenizer obtained from the European Molecular
;3 B <> logy Laboratory (Heidelberg, Germany) and tung-
T <= m carbide grade 25 balls obtained from Industrial
<= <tonics, Inc. (Ann Arbor, Michigan). The cell sus-

> <= rasion was passed through the homogenizer (8.020
g’gm cylinder with an 8.0186 mm ball). Greater than
. “>5 Of the cells stained with trypan blue after this pro-
<“<dure. By centrifuging at 1000g for 10 minutes, cell
tghh <>sts (Pl) were pelleted, thus separating them from
< <©3tosol and the released vesicles. The 1000g super-
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natant was centrifuged at 8000g for 35 minutes in a
TiSW50.1 rotor. The pellct (P2) contained large
organelles. The supernatant (S2) was layered over a
0.4-ml pad of 10% sucrosc in buffer B (with inclusions,
as above) and centrifuged at 100,000g for 1 hour to
produce the pellet, P3. 83 was the cytosol.

To determine whether fragments of plasma mem-
brance contaminated released intracellular organelles,
we biotinylated cell-surface proteins and determined
whether amyloid precursor protein (APP), a rclatively
abundant protein (Haass et al. 1992), was detected in
P2 and P3. PC12 cells were harvested and cell-surface
proteins were biotinylated, as indicated above, for 20
minutes at 4°C. Cells werc washed 3 times with 1 mm
lysine in PBS and then permeabilized and fractionated.
P1, P2, and P3 were lysed in lysis buffer #2 and im-
munoprecipitated with a-C7, an antibody to the car-
boxyl terminus of APP (Podlisny et al. 1991). Im-
munoprecipitates were submitted to 7.5% SDS-PAGE
and blotted. '21-labeled streptavidin was used to probe
the blots, and the Phosphorimager was used for detec-
tion. To quantify 'Zl-labeled NGF in intracellular
organelles, fractions were assayed for 'Sl-labeled
NGF. In some experiments, acid-washing (Bernd and
Greene 1984) was used to measure surface-bound '231-
labeled NGF.

NGF cross-linking to intracellular TrkA. Cells in-
cubated with '251-labeled NGF (1 nM) in binding buffer
for | hour at 4°C were washed and then warmed for 10
minutes at 37°C prior to permeabilization, as above.
Unlabeled NGF (1 mm) was added to control for non-
specific binding and cross-linking. DSS (2 mM) was
added to the permeabilized cclls and released mem-
brancs and the mixture was incubated while rotating
for 30 minutes (4°C). The reaction was quenched with
lysine (10 mm) for 10 minutes. P1, P2, and P3 were
then preparced, as above. P1 was solubilized by extract-
ing in 1% NP-40 in buffer B for 1 hour (4°C). After
centrifuging at 1000g (10 min), SDS was added to bring
the final concentration to 0.5%. P2 and P3 were
resuspended in H,O with 0.5% SDS. S3 was brought to
the same SDS concentration. All samples were boiled
for 5 minutes, chilled (4°C), and then brought to a
volume of 1 ml and a final concentration of 0.1% SDS
by diluting with immunoprecipitation (IP) buffer (20
mM HEPES, pH 7.4, 0.15 M NaCl, 1% NP-40, 0.5%
DOC, 1 mm EDTA). To this was added 1088 (17
ug/ml). After incubating at 4°C overnight 1/10 volume
of 20% protein A-Scpharose beads (Pierce) was added
for 1 hour, with rotation. The beads were washed twice
with [P buffer and once with water before resuspend-
ing in 7 M urea SDS-PAGE sample buffer with 20 mm
DTT. Samples were heated to 65°C for 10 minutes and
run on a 5-12% SDS-PAGE. Dricd gels were exposed
to XAR film for 1-3 weceks.

Immunoprecipitation and blotting of cellular frac-
tions. PC12 cells incubated without NGF, or with NGF



(2 nm), at 37°C were chilled (4°C), mechanically
Permeabilized, and fractionated as above. Immunopre-
Cipitation of cell fractions was performed by dissolving
P1, P2, P3, or S3 in | ml of lysis buffcr #1. To this was
added 12 ug of 1088, or 5 ug of anti-SHC. The mixture
Was incubated overnight at 4°C and 1/10 volume of
Protein A or protein-A/G Sepharose beads was added
for 2 hours at 4°C. Sepharose beads were washed 3
Uimes in lysis buffer #1 and once with water, then
treated with 50 pl of 7 M urca SDS-PAGE sample bulf-
€er (125 mm Tris, pH 6.95, 7 M urca, 2% SDS, 1 mm
EDTA, 0.1% Bromphenol Blue) with 100 mm DTT
and heated (55°C, 15-30 min). Samples were loaded on
7.5 % SDS-PAGE. After transferring 1o nitrocellulose,
blots were probed with antiphosphotyrosine (4G 10),
RT A, or anti-PLC-yl. Immunc complexes were de-
lectesd with horseradish peroxidase-conjugated  anti-
mao uase IgG or anti-rabbit IgG and chemiluminescence
(A rracrsham).

RESULTS
NGF Increased TrkA mRNA in PC12 Cells

T mn vivo studics showed that NGF infusion into the
C I &S induced an increase in TrkA mRNA levels in
fc» w-«= brain cholinergic neurons of both developing and
acl wa Bt rats (Holtzman ct al. 1992; Li ct al. 1995). Earlier
ST wa «Ries documenting NGF-induced increases in TrkA
ma =¥ NA in PCI12 cells (Holtzman ct al. 1992; Meakin et
all . 1 992) encouraged use of these cells to examine fur-
s «= » NGF rcgulation of TrkA. Northern blotting was
&= «= cd 10 examine total RNA isolated from naive (i.c.,
& == & wcalted) PCI2 cells and from PCI2 cells treated with
NI &« F (50 ng/ml = 1.9 nM) for 4 hours, 24 hours, 3 days,
7  «d zays, or 14 days. TrkA mRNA was decreased about
L =4 (n = 4) at 4 hours following NGF addition (Fig.
1 2» - It was increased to 1.5-fold (n = 4) the untreated
= v at 2 days and reached a maximum (3.7-fold, n = 4)
=™ T day 7 (Fig. 1), remaining at this level for up to 14
R zays (data not shown). NGF is also known to increase
P> =S5 ~NGFR gxpression in PCI2 cells (Miller et al. 1991;
:_\4 <= azakin et al. 1992). A different time course was seen
. == T NGF effects on p7SNG"R mRNA. It was increased
> = _O-fold (1 = 4) the untreated level by 8 hours (data
e s hown), 3.4-fold (n = 4) at 24 hours, and remained
=™ T zabout this level through 7 days (Fig. 1). For both
;ge T es, the effect of NGF was transicnt. After NGF
ee T woval, nRNA levels for TrkA and p75NGPR fell 1o
= mxu trollevels within 48 hours (data not shown).

TrkA Protein Levels: Distinct Early and Late
Responses to NGF

e X "o ask whether the NGF-induced increasc in TrkA
ra ¥ ession would result in increased protein levels, we
li:asured TrkA protein following NGF addition. The
2 <= pyoints chosen (5 minutes, 30 minutes, 60 minutces,

Azays, apnd 7 days) allowed us to evaluale both im-
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NGF (50 ng/m) - + - + - + - +
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Figure 1. NGF induces gene -expression for TrkA and
p7SNGFR in PC12 cells. PC12 cells were treated with NGF (50
ng/m! = 1.Y nM) for 4 hr, 24 hr, 72 hr, and 168 hr. Cells were
harvested and total RNA from untreated (-) or NGF-treated
(+) cells was prepared and analyzed on Northern blot; 20 ug
was loaded in each lanc. Blots were hybridized with rat TrkA
cDNA or rat p75¥¢FK cDNA. The 18S rRNA probe was used
to control for RNA loading. (Reprinted, with permission,
from Zhou et al. 1995.)

mediate and long-term NGF -effects. TrkA proteins
were immunoprecipitated from cell lysates using 1088,
an antibody dirccted at the carboxyl terminus of hu-
man TrkA (Zhou et al. 1995). Immunoprecipitates
were submitted to SDS-PAGE and analyzed after im-
munoblotting with 1088. Proteins of 140 kD and 110
kD were detected. The former corresponds to the ma-
ture form of the receptor (Martin-Zanca et al. 1989;
Kaplan et al. 1991; Klicin et al. 1991; Meakin and
Shooter 1991) and will be referred to herein as
gp140"™*A The 110-kD species is a precursor (Martin-
Zanca et al. 1989) and is referred to as gpl 107™%A, Fig-
ure 2 shows that NGF markedly influenced the levels
of both gp140TkA and gp110T*kA and that the early
response was distinct from that which occurred after
prolonged treatment. Soon after NGF addition, there
was a marked decrease in gp140T'kA, Although there
was little change at 5 minutes, gp140T™*A was de-
creased at 30 minutes, and by 60 minutes the level was
only 33% of that present in untreated cells (Fig. 2).
The persistence of gp1107™A at levels equal to those in
untreated cells suggested that increased degradation of
gp!40T™A  and not a decrcase in synthesis, was
responsible.

With prolonged NGF treatment there were in-
creases in both gp110T™A and gp140T™*A (Fig. 2). On a
per-cell basis, gp110TkA was increased to 3.4-fold (n =
2) at 2 days, and at day 7 it was increased to 6.7-fold (n
= 5). Al day 2 of trcatment, gp1407kA was incrcasced
slightly relative to the level at 60 minutes. At day 7, it
was increased to 3.0-fold (n = 5) that present in un-
treated cells. Although the increase in gp140T%A was
less pronounced than for gpl10T™A it was marked.
One suggestion for the relatively smaller increase in
gpl40T*A is that with continued NGF treatment,
gpl40T*A continued to be targeted for degradation.
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Figure 2. NGF regulates the level of gp140"™A and gp1107%A,
(A) TrkA proteins were immunoprecipitated with 1088 from
lysates of untreated PCI12 cells (0") or cells treated with NGF
for 5 min, 30 min, 60 min, 2 days, and 7 days. Immuno-
precipitates were analyzed on SDS-PAGE and immuno-
blotted with 1088. An cqual number of cells was used for cach
lane. (B) gp140'™A and gp110'™* bands were quantitated by
densitometry. The level of expression relative to untreated
cells is plotted (n = 2 for cach point). (Reprinted, with permis-
sion, from Zhou ct al. 1995.)

Total protein increased in NGF-treated cells by 28% at
2 days and 60% at 7 days. Thercfore, whether ex-
pressed on a per-cell or per-milligram of protcin basis,
TrkA protein increased with prolonged NGF treat-
ment. Increased TrkA protein levels were correlated
temporally with increascd mRNA levels, suggesting
that the increase in TrkA mRNA was responsible for
the increase in TrkA protein. The same may be true of
NGF effects on p75NUTR; the increase in mRNA at day
7 (Fig. 1) was associated with a p7SNG™R protein level
that was 2.4-fold (n = 3) that in untreated cells.

Increased gp140T™“A Resulted in Increased NGF
Binding and Signaling

The biphasic response of gpl140T*A levels to NGF
treatment suggested that NGF induces both the
degradation and the synthesis of its receptors. We rea-
soned that both may mark important aspects of NGF
signaling. To explore the significance of increased
gp140TkA we asked whether NGF treatment resulted
in increased gp140T™A receptors at the cell surface.
This possibility was suggested by carlier studies on
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PC12 cells showing that NGF produced an increase in
both high-affinity and low-affinity binding (Bernd and
Greene 1984). We investigated '»I-labeled NGF bind-
ing to naive (i.c., untreated) and primed (i.e., NGF-
treated for 7 days) cells, carrying out these experiments
at 4°C to inhibit membrane traffic and endocytosis.
Two NGF concentrations were used. At 100 pM NGF,
one is below the EDs, for the neurite outgrowth
response (EDg, ~ 400 pm), and at a level that is sub-
saturating for high-affinity receptors (Kp ~ 400 pM)
(Bernd and Greene 1984). At 2 nM, NGF occupies
most of these receptors and produces maximal neurite
outgrowth. We found that '®I-labeled NGF binding
was increased on primed cells, when expressed on a
per-cell basis. Relative to naive cells, binding to primed
cells was increased to 1.8 (+ 0.2)-fold (S.EM.) (n = 6) at
100 pM and 1.6 (= 0.1)-fold (n = 3) at 2 nM. NGF bound
to gpl40T™*A receptors dissociates slowly (Meakin et
al. 1992). At 2 nM, the '%51-labeled NGF bound to slow-
ly dissociating surface receptors on primed cells was in-
creased 1.6 (= 0.1)-fold (n = 3); there was a correspond-
ing increase in fast-dissociating binding (i.c., binding to
low-affinity receptors) to 1.5 (= 0.1)-fold on these cells.
125]-labeled NGF internalization is known to be
mediated by gpl140TkA (Jing et al. 1992; Loeb and
Greene 1993). After a 60-minute treatment, '251-
labeled NGF internalization in primed cells was 1.8 (=
0.1)-fold (# = 3) that in naive cells. To show directly
whether increased TrkA receptors contributed to in-
crcascd NGF binding, we performed cross-linking
studics. Naive and primed cells were incubated with
125[-labeled NGF at 4°C for 2 hours, and then a
membrane-impermeant  cross-linking  reagent  was
added. Following immunoprecipitation with 1088, the
immunoprecipitates were analyzed by SDS-PAGE.
For primed cells, '*I-labcled NGF cross-linked to
gp140TkA was increased 44% (n = 2) at 100 pm (Fig. 3)
and 100% at 2 nM (n = 2). There was a comparable in-
crease in '2[-labeled NGF cross-linking to gpl40TrkA
in slowly dissociating receptors on primed cells (data
not shown). These data are evidence that increased
gene expression for TrkA results in an increase in the
number of cell-surface gp1407™®A receptors on individ-
ual PC12 cells.

The increase in gp1407™A receptors suggested there
may be increased NGF signaling in primed cells. NGF
binding to gpl40T™*A induces receptor dimerization
and autophosphorylation (Jing et al. 1992; Kaplan and
Stephens 1994; Stephens et al. 1994). A pronounced in-
crease in tyrosine-phosphorylated gpl40T™*A is regis-
tered within minutes of NGF treatment (Stephens et
al. 1994). To ask whether NGF signaling was increased
in primed cells, we examined tyrosine phosphorylation
of gp140T™®A in naive cells and in primed cells washed
free of NGF for 2 hours before assay. After treatment
for 5, 30, or 120 minutes at 37°C, cell lysales were im-
munoprecipitated with 1088 and probed with an
antiphosphotyrosine antibody (4G10). As shown in
Figure 4, a relatively high level of tyrosine phos-
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Figure 3. Cross-linking of '*I-labcled NGF to surface
gpl40T™A in PC 12 cells. PC12 cells, naive or NGF-primed,
were incubated with 100 pm 'Pl-labeled NGF at 4°C for 2 hr
and then warmed to 37°C for 0 or 60 min. Cells were then
chilled and cross-linking was carricd out as described in
Materials and Mcthods. Cells were lysed and lysates were
immunoprecipitated with 1088. The resulting immunopre-
cipitates were analyzed by SDS-PAGE. The gel was dried and
exposed to X-ray film. After 60 min at 37°C, the amount of
gpl40™™A cross-linked to '**I-labeled NGF dropped to the
same level in naive and primed cells. There is also a band at
200 kD; a band of similar molecular mass has been scen in
prior studies (Hartman et al. 1992). In this band, NGF specif-
ically cross-linked to TrkA appcars to be present in a higher-
order complex. Each lane represents protein from an equal
number of cells. The experiment was done twice with the
same results. (Reprinted, with permission, from Zhou ct al.
1995.)
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phorylated gp140T™A was present at 5 minutes in both
naive and primed cells.  Tyrosine-phosphorylated
gpl40TkA  decreased therealter in both naive and
primed cells, and the decreases followed a similar time
course. However, the level of tyrosine-phosphorylated
gpl40TkA was greater in primed cells at cach time
point tested. As noted above, primed cells contain
more protein. To normalize for this, the results were
expressed per milligram of protein (Fig. 4B). The ratio
of the signal in primed to that in naive cells was 0.9-
fold (n = 3) at S minules, 1.8-fold (n = 3) at 30 minutes,
and 2.9-fold (n = 3) at 2 hours.

PLC-yl is a target of NGF-induced tyrosine
phosphorylation and activation (Kim et al. 1991; Oh-
michi et al. 1991; Vetter et al. 1991; Stephens et al.
1994). We investigated  the  level  of  tyrosine
phosphorylation of PLC-yl in naive and primed PC12
cclls.  Tyrosine phosphorylation  of PLC-yl  was
demonstrable at 5 minutes and was sustained at lower
levels through 7 days of NGF treatment (Fig. S, first
five lanes). In primed cells washed free of NGF,
tyrosine-phosphorylated PLC-yl was barely detected
(Fig. 5, lanc 6). When primed cells were then reex-
posed to NGF for 5 minutes, the level of tyrosine
phosphorylation of PLC-yl was 1.7-fold (n = 3) that in
naive cells on a per-milligram-of-protein basis (Fig. S,
lane 7). An increased ratio was also present at later
time points. The data for tyrosine phosphorylation of
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Figure 4. NGF-mediated tyrosine phosphorylation of TrkA
was increased in primed cells. (A) Naive and primed PC12
cells were untreated (0) or treated with NGF (50 ng/ml) for 5
min, 30 min, or 120 min. Cell lysates were immuno-
precipitated with 1088, subjeccted to SDS-PAGE, immuno-
blotted and the blots probed with anti-phosphotyrosine
antibody (4G 10). Lanes contain protcin from an cqual num-
ber of cells. (B) Tyrosine-phosphorylated TrkA was quan-
titated by densitometry. The data are corrected for the in-
crease in protein that results from NGF priming. (Reprinted,
with permission, from Zhou ct al. 1995.)

gp140T™A and PLC-yl are cvidence for a modest in-
crease in NGF signaling through gp140T™A in primed
cells.

NGF Induced Endocytosis of gp140TrkA

Quite distinct from the increase in gpl140T'®A seen
after prolonged NGF treatment, the carly response to
NGF was characterized by a rather dramatic decrease
in gp1407T™*A (Fig. 2). Given that gp1107™A was not af-
fected, this finding was most consistent with an NGF-
mediated increase in the degradation of gpl40TrkA
receptors. There are relatively few data for NGF ef-
fects on the cellular disposition of gpl40T™*A How-
ever, ligand-mediated cell-surface down-regulation of
other receptor tyrosine kinases is linked to lysosomal
degradation of these receptors (Beguinot et al. 1984,
Stoscheck and Carpenter 1984; Sorkin and Waters
1993), and in earlicr studies it was shown that NGF
trcatment  induced  down-regulation  of  surface
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Figure 5. NGF-mediated tyrosine phosphorylation of PLC-yl
was increased in primed cells. Naive and primed PCI12 cells
were untreated (0') or treated with NGF (50 ng/ml) for 5 min,
30 min, 2 hr, or 7 days. Cells were lysed, and equal amounts of
pProtein were immunoprecipitated with anti-PLC-yl antibody.
Trmunoprecipitated proteins were analyzed on SDS-PAGE
and probed first with anti-phosphotyrosine antibody (A) and
thuen with anti-PLC-yl antibody (B). (Reprinted, with permis-
s1o0n, from Zhou et al. 1995.)

£ p140T*A in PCI12 cells (Hosang and Shooter 1987).
"X o ask if trafficking of gpl40T™*A is similar to that of
«> ther receptor tyrosine kinases, we attempted first to
<onfirm that NGF decreased surface gp140T™*A, For
® ese experiments, 'Pl-labeled NGF (100 pMm) was
E>ound to its receptors on PCI2 cells at 4°C to inhibit
= wembrane traffic. In the continued presence of '*51-
1 =abeled NGF, the cells were then either warmed to
Z=77°C for 60 minutes or kept at 4°C. '?I-labeled NGF
~=as then cross-linked to gpl140TkA at 4°C, and TrkA
® wnmunoprecipitates were analyzed by SDS-PAGE.
"M here was a marked decrease in cross-linking to
== p140T™%A under these conditions; indeed, in naive cells
<>nly 16% of the amount detected in cells held at 4°C
~mvas present after warming (Fig. 3). Surface gp140TTkA
“was also down-regulated in primed cells.
To show that NGF-mediated down-regulation of
S urface TrkA was due to enhanced endocytosis of
These receptors, we used surface biotinylation (Schmid
=&and Carter 1990) to examine trafficking of gp140TTkA,
Cells were incubated either in the presence of NGF (1
TaM) or in its absence at 4°C. NHS-SS-biotin was used
T o biotinylate surface proteins. After removing un-
T eacted NHS-SS-biotin, cells were warmed to 37°C for
T O minutes to allow endocytosis, or not warmed. After
<<hilling (4°C) the samples, glutathione was added to
T e lease biotin only on cell-surface proteins (Schmid
=and Carter 1990). TrkA immunoprecipitates were sub-
Trmitted to SDS-PAGE and blotting; '**I-labeled strep-
T avidin was used to detect biotinylated TrkA. Endocy-
T osed gpl140T™*A molecules would be expected to retain
T heir biotin; the extent of gpl40T™A biotinylation was
® herefore taken as a measure of gpl40T™A endocytosis.
TE=igure 6 shows the results of these studies. Whether or
TROt cells were treated with NGF, endocytosis of
= p 140TkA was increased by warming. In the absence of
PN GF, 6% of surface gpl40T™A was internalized after
T 0 minutes. This finding points to constitutive
e"H:‘()cylosis of TrkA receptors. Remarkably, after 10
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Figure 6. Constitutive and NGF-induced TrkA internaliza-
tion. Experiments were performed as described in Materials
and Methods, and the percent internalization of TrkA was
computed as described. Values are mean (= s.E.M) from three
separate experiments at 10 min and two at 20 min. There was
a low level of constitutive internalization. NGF markedly in-
creased TrkA internalization.

minutes warming with NGF, approximately 37% of
TrkA was internalized. More than 66% of labeled
TrkA was internalized after 20 minutes warming with
NGF (Fig. 6). Thus, NGF induced extensive, rapid
endocytosis of cell-surface gp140TTkA,

Evidence that Endocytosis of gp140T™*A Creates a
Signaling Endosome

Endocytosis of activated receptor tyrosine kinases
targets these receptors to lysosomes where degradation
prevents the possibility of further signaling (Beguinot
et al. 1984; van der Geer et al. 1994). Some have sug-
gested that activated receptors in endosomes could
have a role in signaling (Baass et al. 1995), but the
physiological significance of such signaling is uncertain.
We entertained the intriguing possibility that via
endocytosis of activated gp140T™*A receptors, NGF sig-
naling could be communicated from axon tips to
neuronal cell bodies. This arrangement was suggested
by noting that NGF is a target-derived factor. For
many NGF-responsive ncurons, the target field of in-
nervation provides the principal source of NGF
(Longo et al. 1993). Thus, NGF is available to bind and
activale its receptors on distal axons. Prior studies have
made clear the importance of signaling through recep-
tors on axons (Campenot 1977), but they did not
clucidate how this signaling is communicated down the



Figure 7. NGF changed the distribution of TrkA immunostaining in PC12 cells. Cells were exposed to media at 37°C without
NGF (a), or with NGF (2 nm) for 2 min (b) or 60 min (c). A Trk-specific antibody, scl1, was used to examine the distribution of
TrkA. Most TrkA staining was intracellular. With NGF treatment there was an increase in bright punctate staining near the
plasma membrane (e.g., small arrows in b). Note the marked increase with NGF treatment of TrkA staining in the juxtanuclear
region at 60 min (large arrow in c).

axon to the cell body. Evidence that NGF induced TrkA was present in endocytic vesicles. The signal-
rapid, robust endocytosis of gp140T™*A suggested that ing endosome hypothesis predicts that activated
retrograde transport of activated gp1407™®A receptors ~ gp140T™A would be present in endocytic vesicles. To
in endocytic vesicles could serve as the signal. test this we used immunofluorescence and confocal mi-

Figure 8. TrkA staining was colocalized with a lysosomal marker after 60 min of NGF treatment. Cells were exposed to media at
37°C without NGF (a), or with NGF (2 nm) for 2 min (b) or 60 min (¢, d, and e). A Trk-specific antibody, scl1, was used to exam-
ine the distribution of TrkA. TrkA immunoreactivity was detected using an FITC-conjugated goat anti-rabbit IgG. GM-10 was
used to visualize lysosomal staining. GM-10 immunoreactivity was detected with a Texas-Red-bound goat anti-mouse IgG. Panels
a, b, and c show the labeling patterns for both markers. The immunostaining patterns after 60 min NGF trcatment for TrkA (d)
and GM10 (e) are also shown. N denotes the nucleus. The bar in panel e is 4 um.



croscopy to localize TrkA proteins. PC12 cells were in- TrkA. Fluoresceinated goat anti-rabbit IgG was used
cubated with or without NGF (2 nm) at 37°C. Cells to detect antibody binding. In cells not exposed to
were then fixed, permeabilized, and incubated with NGF, TrkA staining was predominantly intracellular
scll, an antibody to the carboxyl terminus of human (Fig. 7a). Some immunoreactivity was found near the

Figure 9. NGF treatment resulted in TrkA and clathrin colocalization. PCI2 cells were treated with NGF for 30 sec. After fixa-
tion and treatment with saponin to induce permeabilization, cells were immunostained using antibodies to Trk (scl1) and to the
clathrin heavy chain (X22). TrkA immunoreactivity, detected using FITC-conjugated goat anti-rabbit IgG, is shown in green.
Clathrin heavy chain immunoreactivity, detected using Texas-Red-conjugated goat anti-mouse IgG, is in red. In the absence of
NGF, there was little overlap in TrkA and clathrin staining except in the juxtanuclear region (data not shown). In the presence of
NGF, TrkA (c) and clathrin () staining were widely distributed in the cytosol; some staining was seen for both ncar the plasma
membrane. Panel a shows colocalization of TrkA and clathrin staining near the plasma membrane (arrows) (yellow denotes
colocalization). The organelles showing colocalization had the same distribution and size as thosc seen with increased frequency
following NGF treatment (Fig. 7). Panel b shows a 3-fold magnification of pancl a to provide a better view of the colocalizations
on the left side of the cell. Bar in panel a is 6 um. (Modified, with permission, from Grimes et al. 1996.)
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nucleus; most was present as small punctate accumula-
tions distributed throughout the cytoplasm. With NGF
treatment there was within minutes the appcearance of
many denscly stained punctate structures, most of
which were present near the cell surface (Fig. 7b). The
number of bright punctate organclles located within 0.5
um of the cell surface was quantified. After 30-second
treatment, the number increased approximately 3-fold
from 0.08 (+ 0.01) puncta/um of cell perimeter in un-
treated cells (n = 12) to 0.21 (+ 0.02) puncta/um in
NGF-treated cclls (n = 12) (student’s t-test, p <0.05).
At later times (Fig. 7c), TrkA staining was most prom-
inent in the perinuclear region. To examine the pos-
sibility that this perinuclcar staining was due to the
presence of TrkA in lysosomes, we looked at the sub-
cellular localization of immunostaining for TrkA and
the lysosomal marker, GMI10. In the absence of NGF,
there was little colocalization (Fig. 8a). The same was
true after brief NGF treatment (Fig. 8b). However,
after NGF treatment for 60 minutes, TrkA present in
the perinuclear region was colocalized, in part, with
GM10 (Fig. 8c). The presence of TrkA immunostain-
ing in lysosomes at 60 minutes, and the observations on
gpl40TA cited above, suggest that endocytosed TrkA
was destined for degradation.

To characterize further the immunostained puncta
seen near the plasma membrane with NGF treatment,
we attempted to colocalize TrkA with markers of the
clathrin-coated pit endocytic pathway. Cells incubated
with or without NGF at 37°C for 30 seconds were
chilled and fixed. Clathrin was visualized with
antibodies to the clathrin heavy chain (X22) and to a-
adaptin (AP.6). Without NGF trcatment there was a
small amount of TrkA and clathrin colocalization near
the nucleus (data not shown). This was probably due to
the presence of these proteins in the biosynthetic path-
way. Only rarcly were TrkA and clathrin colocalized in
puncta near the cell surface. In the presence of NGF,
however, TrkA and clathrin could be colocalized in
many more puncta ncar the cell surface. The result
shown in Figure 9 demonstratcs a particularly marked
example. The number of organclles in which TrkA and
clathrin were colocalized within 0.5 mm of the plasma
membrane was quantified. In cells not treated with
NGF there was a range of 0 to 2 puncta/cell with a
mean of 0.68 (+ 0.10) (n = 40 cclls). With NGF the
range was 1 to 18 puncta per cell, and the mean in-
creased nearly 5-fold to 3.25 (= 0.56) (n = 31 cells) (stu-
dent’s t-test, p<0.001). TrkA was also colocalized with
a-adaptin in NGF-treated cells (data not shown).
These data are cvidence that TrkA is found in
endocytic vesicles produced via the clathrin-coated pit
pathway.

NGF was bound 1o gp140T™A in endocytic vesicles.
Trk A expression confers on cells the ability to internal-
ize NGF (Jing ct al. 1992). To characterize further the
endocytic organelles that contain TrkA, we examined
those that could be labeled with '*Sl-labeled NGF.

After incubating PC12 cells with 'Z-labeled NGF (1
nM) for 1 hour at 4°C, we washed them briefly to en-
rich for binding to slowly dissociating receptors (Zhou
et al. 1995) and to minimize fluid-phase endocytosis of
free ligand. Cells were then warmed for 10 minutes and
chilled (4°C). To prepare intracellular organelles, we
took advantage of the fact that mechanically per-
meabilized cells release untethered organclles (Grimes
and Kelly 1992a,b). A Balch homogenizer (Balch and
Rothman 1985; Martin and Walent 1989) was used to
permeabilize cells, and relcased membrancs were then
harvested. Cytosol and released organclles were scpa-
rated from the cell ghosts (P1) by centrifugation at
1000g (10 minutes). Differential centrifugation was
used to separate large vesiclc-containing fractions (P2)
and small vesicle-containing fractions (P3) from cytosol
(S3) (sce Methods). Using these methods, we showed
that endocytic vesicles could be isolated free of plasma
membrane. In one series of experiments, cells in-
cubated with '?5I-labeled NGF at 4°C were washed,
and the cross-linker BS? was added prior to permea-
bilization and fractionation. Under these conditions,
we did not detect a cross-linked NGF/gp140T™A com-
plex in either P2 or P3. In a second series, we asked
whether surface amyloid precursor protein (APP)
could be detected in P2 or P3. Cells were incubated
with NHS-SS-biotin at 4°C to biotinylate surface APP;
they were then permeabilized and fractionated. The
amount of surface-labcled APP detected in P2 was
2.9% (n = 2), of that in P1; the corresponding value for
P3 was 0.6% (n = 2), and for S3 it was 0.1% (n = 2).
Thus, the intracellular organelles that emerged from
permeabilized cells were virtually free of plasma mem-
brane. We quantified the amount of internalized '21-
labeled NGF that was recovered in membrane frac-
tions: 6.9% (= 0.6; n = 9) of total cell-associated '5I1-
labeled NGF was recovered in P2 and 3.1% (£ 0.4, n =
9) was present in P3. Using acid washing, we found that
49.8% (+ 4.9%, n = 3) of the total bound 'ZI-labeled
NGF was on the cell surface under these conditions.
Therefore, P2 and P3 together contained about one-
fifth of total intracellular '25I-labeled NGF. These
studies showed that the fractionation scheme allowed
us to recover a substantial fraction of intracellular
organclles that contained internalized NGF, and that
125]_labeled NGF was present in both the large and
small vesicle-containing fractions.

To ask whether gp140T™A was bound to NGF in in-
traccllular organclles, PC12 cells were incubated with
125].labeled NGF (1 nM) at 4°C, washed, warmed 10
minutes as above, then chilled. Following permeabili-
zation, DSS, a membrane-permeable cross-linking
reagent, was added to the cell suspension prior to frac-
tionation. gpl40T™®A was immunoprecipitated from
lysates prior to SDS-PAGE. A radiolabcled band that
migrated at the position expected for a complex con-
taining 'Zl-labeled NGF cross-linked to TrkA was
sceen in P1, P2, and P3 but not in the cytosol (S3) (Fig.
10). These data are evidence that gp140T™*A and NGF
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Figure 10. TrkA was cross-linked to NGF in intracellular
organelles. Cells were incubated with '*I-labeled NGF (1
nm), washed, warmed 10 min (37°C), chilled (4°C), and then
permeabilized and fractionated. The membrane-permeable
cross-linking reagent DSS was added before fractionation.
One-fifth of the cell ghost membranes (P1), the entire 8000g
pellet (P2), the entire 100,000g pellet (P3), and one-tenth of
the 100,000g supernatant (S3) were immunoprecipitated with
1088 and analyzed by SDS-PAGE and autoradiography. The
arrow marks the 150-kD cross-linked complex containing
TrkA and '®I-labeled NGF in P1, P2, and P3. The more slow-
ly migrating complex may correspond to that seen in Fig. 3.
There was no cross-linking when the experiment was carried
out in the presence of unlabeled NGF (1 pum). The amount of
'1-labeled NGF cross-linked to TrkA was quantified by
Phosphorimager.

were present together in the same compartments after
internalization, and that NGF remained bound to
gp140T*A after endocytosis.

Endocytic vesicles contained activated gp1407™*A,
To determine whether organelles derived from
endocytosis contained activated TrkA, cells were cul-
tured at 37°C in the absence of NGF, or with NGF (2
nM) for 5, 15, or 30 minutes. They were then chilled
and submitted to permeabilization and fractionation,
as above. TrkA present in lysates was immuno-
precipitated and submitted to SDS-PAGE and blot-
ting. Both gp140T™A and gp110T™A were detected in
P1, P2, and P3 (Fig. 11, panel B). Neither was detected
in S3 (data not shown). The presence of gp110T™*A sug-
gests that the endoplasmic reticulum, or vesicles
derived from it, emerge upon permeabilization. Regu-
lated and constitutive secretory vesicles also emerge
from permeabilized cells (Grimes and Kelly 1992a,b).
Newly synthesized TrkA should be present in these.
Since receptors in the biosynthetic pathway have no
direct access to NGF, it can be assumed that they have
not been activated. The presence of phosphotyrosine
on TrkA is a measure of its activation (Stephens et al.
1994). Thus, tyrosine-phosphorylated TrkA should
comprise plasma membrane and internalized TrkA.
Activated TrkA was detected by blotting TrkA im-
munoprecipitates with an anti-phosphotyrosine anti-
body. Fractions prepared from cells not exposed to
NGF contained very little tyrosine-phosphorylated
TrkA (Fig. 11A). In the NGF-treated cells, there was a
marked increase in tyrosine-phosphorylated TrkA in
P1, P2 and P3. Only gpl40"™*A was tyrosine-phos-
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Figure 11. TrkA and tyrosine-phosphorylated TrkA were
detected in intracellular organelles. PC12 cells were incubated
without NGF (0) or with NGF (2 nM) for S, 15, or 30 min at
37°C. Cells were then chilled (4°C), permeabilized, and frac-
tionated. Using 1088, TrkA was immunoprecipitated from 1/3
of P1, or from the entire P2 or P3 fractions. (A) A Western
blot of immunoprecipitates probed with antiphosphotyrosine
antibody (4G10) followed by HRP-conjugated anti-mouse
IgG. Chemiluminescence was used for detection. (B) The blot
in A was stripped and probed with RTA followed by HRP-
conjugated anti-rabbit IgG. Chemiluminescence was used for
detection. In P1, there was a modest (9%) but significant
decrease at S min in gpl40™™A (p<0.04); although gp140T*A
was increased at 5 min in P2 and P3 in the experiment shown,
the increases varied across experiments and the changes were
not significant.

phorylated. The amount of tyrosine-phosphorylated
gpl40T™*A was greatest at 5 minutes in all three frac-
tions. Although the amount decrcased at later time
points, it was present through 30 minutes. These data
are evidence that activated gpl40T™A s present in
endocytic vesicles following NGF treatment.

Another measure of TrkA activation, one that con-
tributes to TrkA signaling leading to differentiation, is
binding and tyrosine phosphorylation of SHC
(Stephens et al. 1994). To ask whether SHC was bound
to internalized TrkA receptors, we examined im-
munoprecipitates from cells that were incubated
without NGF, or with NGF (2 nm), for 5 or 15 minutes
at 37°C prior to chilling (4°C). After permeabilization,
cells were fractionated. Lysates from P2, P3, and S3
were immunoprecipitated with antibodies to SHC.
SHC immunoprecipitates were submitted to SDS-
PAGE, and blotted proteins were probed with
antibodies to phosphotyrosine (Fig. 12, panel A), TrkA
(panel B), or SHC (panel C). As reported previously
(Stephens et al. 1994), three SHC proteins were
detected in PC12 cell immunoprecipitates: p68SHC,
pS3SHC, and p48SHC. Although the amount of each
was greatest in S3, each SHC protein was also present
in P2 and P3. With NGF treatment there was no appar-
ent increase in SHC in P2 or P3, but two changes were
evident. First, all three SHC species were more heavily
tyrosine-phosphorylated (panel A); the change was
most apparent in P2 and P3. Second, NGF treatment
induced a shift in the electrophoretic mobility of
p68SHC, a finding consistent with earlier studies
(Stephens et al. 1994). Importantly, gp140TkA was
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Figure 12. SHC was bound to TrkA in intracellular organclles.
PCI2 cells were incubated without NGF (0) or with NGF (2
nm) for 5 or 15 min at 37°C. Cells were chilled (4°C),
permeabilized, and fractionated. P2, P3, and S3 were lysed
and immunoprecipitated with anti-SHC antibodies. Immuno-
precipitates were Western blotted with antiphosphotyrosine
antibody (4G10) (A), then stripped and reprobed with anti-
TrkA (RTA) (B). and finally, with anti-SHC (C). Chemi-
luminescence was used for detection. NGF increased the
amount of tyrosine-phosphorylated SHC and its association
with gp140™™A in P2 and P3. NGF trcatment also increased
the amount of a tyrosinc-phosphorylated band that migrated
slightly faster than gp140'™A. Unlike gp140'™A, it was also
present in 83; its identity is unknown.

present in the SHC immunoprecipitates of NGF-
treated cells. Pancl A shows a tyrosinc-phosphorylated
band in the P2 and P3 fractions at the position for
TrkA; the amount was increased by NGF treatment
and was greatest at 5 minutes. That this band is
gp140T™A s indicated by immunostaining for TrkA in
pancl B. Here again, the amount of gp140T™A was in-
creased with NGF trcatment. These data show that ac-
tivated gp140T™*A in intracellular organclles is associat-
ed with tyrosine-phosphorylated SHC. In other studies,
we discovered that activated PLC-yl is also associated
with tyrosine-phosphorylated gp140T*A in the P2 and
P3 fractions (Grimes et al. 1996). These findings are
strong evidence for the ability of activated gpl140TrA
in endocytic vesicles to signal.

DISCUSSION

NGF acts to evoke the responses required for
maintenance of neuronal viability and enhanced
ncuronal differentiation. Defining the biochemical and
cellular events that characterize these responses is an
important objective. The discovery that TrkA is a
receptor tyrosine kinase for NGF (Kaplan et al. 1991;
Klein et al. 1991; Meakin and Shooter 1991) and that it
has an essential role in NGF signaling (Locb and
Greene 1993) has greatly facilitated these studies. We
discovered that NGF regulated TrkA in PCI2 cells in
distinct early and late phases. Within minutes of NGF
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treatment there was activation of TrkA and marked
changes in TrkA trafficking, with resulting down-
regulation of surface and cellular TrkA. After
prolonged NGF treatment there was increased TrkA
expression, and this was associated with a modest en-
hancement of NGF signaling. To understand how these
responses are integrated in vivo, we entertained the
hypothesis that endocytosis of activated TrkA at axon
tips provides a means for retrogradely transporting the
NGF signal to cell bodies, where it influences gene ex-
pression prior lo its degradation in lysosomes. In test-
ing this hypothesis, we discovered in PC12 cells that:
(1) NGF induced rapid internalization of TrkA; (2)
NGF and TrkA were both found in intracellular
vesicles; (3) NGF was bound to TrkA in these vesicles;
(4) TrkA receptors in vesicles were activated, as as-
sessed by tyrosine-phosphorylation and association
with activated SHC and PLC-yl; and (5) TrkA recep-
tors were targeted to lysosomes in NGF-treated cells.
Our findings raise the possibility that it is through the
creation of signaling endosomes containing activated
TrkA that NGF signals retrogradely to regulate
neuronal survival and diffcrentiation. Since continuous
NGF signaling may be required to maintain the trophic
cffect (Zhou et al. 1995), NGF induction of TrkA ex-
pression may be necessary for replacing dcgraded
receptors. Thus, NGF may increase TrkA expression to
both maintain and enhance signaling through this
receptor.

In earlier work, it was apparent that NGF induces
expression of TrkA (Holtzman et al. 1992; Meakin et
al. 1992). To explore the biological significance of this
finding, we examined NGF signaling in PCI12 cclls. We
discovered that after prolonged NGF exposure there
was an increase in gene cxpression for both gp140TrkA
and p7SNUFR Increased receptor gene expression was
correlated with increased receptor binding. In cross-
linking studics, NGF induction of TrkA expression was
shown to result in increased cell-surface gpl40TTkA
receptors. Interestingly, the increase in NGF binding to
gp140T™*A was smaller than the increase in gp140TrkA
protein. When cxpressed on a per-cell basis, a greater
than 200% incrcase in total gp1407™®A protein was as-
sociated with only a 60% increase in NGF binding to
slowly dissociating reccptors and a 100% increase in
cross-linking to gpl40T'™®A at the cell surface. When
these data are expressed on a per-milligram of protein
basis, gp1407™®A was nearly doubled, while there was
little, if any, incrcase in binding. These observations
suggest that the number of surface gp140T™®A receptors
is not simply a function of the total protein level. Al-
though further studies are required, our data suggest
that trafficking of gp140T™A is complex, even in the
absence of NGF. For example, we noted that much im-
munostaining for TrkA was intraccliular, pointing to
possible controls on exocytosis. There was also con-
stitutive endocytosis of gp140T™kA  Regulation of the
extent to which newly synthesized receptors are in-
serted at the cell surface and on the recycling of recep-



tors to the plasma membrane could have an important
influence on the number of surface receptors. Qur data
raise the possibility that the number of cell-surface
TrkA receptors is regulated at several levels.

There was enhanced NGF signaling in primed cells,
as evidenced by increased tyrosine phosphorylation of
gp140T™A and PLC.y. These experiments link in-
creased TrkA expression to increased signaling and
suggest that the increase in gp140T™A played a role. Of
note, the difference in signaling between primed and
naive cells was greatest 2 hours after NGF addition, at
which time it more closely approximated the increase
in total cellular gp1407™A than the increasc in receptor
binding. It is tempting to speculate that increased sig-
naling in primed cells was due, in part, to increased
trafficking of gp140T™*A {0 the plasma membranc. If
so, NGF may have influenced its own signaling through
increasing the number of receptors as well as through
enhancing their movement to the plasma membrane. It
will be important to more carcfully examine TrkA traf-
ficking in primed cells and to show whether there is a
link between increascd gpl40T™*A and incrcascd NGF
signaling in vivo. It is known that early exposure to ex-
ogenous NGF enhances the response to later treatment
(Johnston et al. 1987), but it is not known that in-
creased signaling through Trk A is responsible.

Whereas up-regulation of gpl40T™*A marked the
response to prolonged NGF trcatment, a very different
response was scen within the first 60 minutes, during
which time there was a marked decrease in gp1407T™*A,
Two studies gave direct evidence that NGF treatment
targeted gp140T™®A for degradation. First, NGF was
shown to down-rcgulate gpl40T™A surface receptors
through enhanced endocytosis. This was apparcnt in
both biochemical and confocal microscopy studics. In
the latter, the increase in TrkA-positive puncta near
the cell surface and the increase in colocalization of
TrkA and clathrin were consistent with incrcased
TrkA endocytosis. Second, NGF trcatment increased
colocalization of TrkA with a lysosomal marker, sug-
gesting that gp140T'™®A in cndocytic vesicles was
delivered to lysosomes. Surface down-regulation tar-
gets other receptor tyrosinc kinases to lysosomes and is
believed to serve an important role in signal up-
regulation (van der Geer et al. 1994). For example, in
the case of the receptor for the epidermal growth fac-
tor (EGF), EGF addition results in a pronounced and
rapid decrease in surface receptors and accelerated
receptor degradation (Bcguinot et al. 1984, Stoscheck
and Carpenter 1984; Murthy et al. 1986). In the case of
EGF and EGFR, it has becn presumed that endo-
cytosis of receptors serves simply to turn off the signal.
However, some have suggested that since EGFR s still
activated following endocytosis, thcse receptors could
have a role in intraccllular signaling (Baass ct al. 1995).
Most TrkA signaling in vivo is likely to be initiated by
NGF in contact with receptors on axons (Longo et al.
1993); we were intrigued by the possibility that, if these
receptors continue to signal after endocytosis, traffick-
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ing them retrogradely would provide a means to con-
vey the NGF signal to the ccll body. In studies to ad-
dress this hypothesis, we examined organelles and
found continued NGF binding to gp140T™*A. Morc-
over, we detected tyrosine-phosphorylated TrkA in in-
tracellular organclles following NGF treatment. In
studies similar to those reported here, we showed that
NGF markedly incrcased the spccific activity of
tyrosine-phosphorylated TrkA in intracellular organ-
clics (Grimes et al. 1996). Finally, we discovered that
internalized activated TrkA formecd complexes with
tyrosine-phosphorylated SHC and with activated PLC-
y1 (Grimes et al. 1996). Taken together, our data sug-
gest strongly that endocytosis of activated TrkA recep-
tors has two consequences for NGF signaling. One is
the creation of a signaling endosome. Thc second is the
eventual degradation of this signal in lysosomes.

NGF is critical for the normal survival and differen-
tiation of several populations of PNS and CNS neurons
(Lcvi-Montalcini 1987; Longo et al. 1993; Crowley et
al. 1994; Li et al. 1995). Since NGF gene expression is
localized to target tissues (Longo et al. 1993), a mech-
anism must exist to carry the NGF signal retrogradely
from the processes of ncurons to their cell bodies. Ear-
lier studies characterizing retrograde NGF signaling
showed that, although NGF and the signaling process
were similar with respect to both the time course for
transport and the requirement for microtubules
(Hendry et al. 1974a,b; Paravicini et al. 1975; Hendry
and Bonyhady 1980), NGF itself was not the signal
(Heumann et al. 1984). Internalized, activated TrkA is
an attractive candidate for the NGF retrograde signal.
Recently, Ehlers et al. (1995) showed that NGF infu-
sion into the rat foot-pad, the target of sciatic nerve
sensory neurons, induced an increased accumulation of
tyrosine-phosphorylated TrkA distal to a ligature on
the sciatic nerve. Their experiments showed that
target-derived NGF regulates retrograde transport of
TrkA. However, they did not examine the mechanism
by which NGF accomplishes this effect or demonstrate
its significance for NGF signaling. The studics reported
herein suggest that the increased retrograde transport
of activated TrkA secn in their studics followed induc-
tion of rapid, extensive endocytosis of these receptors
in the distal processes of DRG ncurons.

Current evidence suggests that activated TrkA in
axonal endosomes would be protected from degrada-
tion. Studics on the endosomal-lysosomal pathway in
ncurons (Parton et al. 1992; Hollenbeck 1993; Parton
and Dotti 1993; Nixon and Cataldo 1995) indicate that
late endosomes and lysosomes arc located predomi-
nantly in the cell body and proximal dendrites. Indeed,
there was no evidence for these organclies in the axons
or presynaptic terminals of cultured hippocampal neu-
rons (Parton et al. 1992). Recent evidence shows that
only a few acidificd organelles can be found in distal
axons (Overly et al. 1995). There are few observations
that address directly axonal transit of endocytosed
NGF and TrkA. As just indicated, TrkA retrogradely



transported in the sciatic nerve was apparently intact
(Ehlers et al. 1995). In earlicr studics, retrogradely
transported NGF was also shown to be intact (Claude
et al. 1982), and, using elcctron microscopy (EM), an
NGF-HRP conjugate was not found in degradative
organelles in axons (Schwab 1977). Indced. it is pos-
sible that NGF would remain bound to gp1407™*A dur-
ing axonal transport since, even at a pH characteristic
of acidifiecd endocytic organclles in axons (pH 5.5)
(Overly et al. 1995), most NGF remains bound to
gpl40T™*A (J. Zhou et al., unpubl.). These data com-
bine to suggest that NGF, and the TrkA receptors
endocytosed in response to NGF binding, would resist
degradation during retrograde transport.

Our obscrvations support the hypothesis that
through endocytosis of activated TrkA, NGF creates
signaling endosomes that convey its retrograde signal
and that, following dclivery to the cell body, activated
receptors are degraded. It is reasonable to suggest that
because there is degradation of activated TrkA recep-
tors, NGF induction of TrkA gene expression is re-
quired for NGF signaling to continue. How it is that
retrograde TrkA signaling is linked to new TrkA
synthesis is uncertain, but a direct cffect of TrkA sig-
naling on TrkA gene expression is possible. This ar-
rangement creates somc interesting consequences, as
well as problems. One consequence would be that the
levels of TrkA receptors are buffered. For example, al-
though increasecd NGF levels would result in a rapid in-
crease in endocytosis and degradation, the resulting in-
creasc in TrkA synthesis would act over a longer inter-
val to blunt the decrease. Thus, the trophic state of
NGF-responsive neurons would be driven by NGF
levels in the postsynaptic target without major changes
in the number of cell-surface TrkA receptors. This
situation would ensure that even with marked in-
creascs or decrecases in NGF levels, responsive neurons
would be able to continue to respond to NGF in their
target. However, this same arrangement predisposes to
potentially serious problems if there is uncoupling of
degradation and synthesis. For example, one can envi-
sion a situation in which there is degradation of ac-
tivated receptors without the bencfit of enhanced
receptor synthesis. In this case, there would be a pro-
gressive decreasc in the number of NGF receptors and
NGF signaling would fail, possibly with neuronal
atrophy and death as consequences. It is interesting to
consider discase states in which NGF-responsive
neurons are affected. BFCNs are known to atrophy
and dic in Alzheimer's discase (AD), and their loss
may contribute to cognitive decline (Coyle 1983). One
aspect of AD neuropathology, highlighted by the
studies of Nixon and colleagues (Cataldo et al. 1996), is
a marked increase in the number of late endosomes
and lysosomes in AD neurons. Cataldo et al. (1996)
recently reported that pyramidal ncurons of the cortex
and hippocampus of the AD brain showed a 2- to 8-
fold increase in the number of such structures.
Lysosomal structures have also been shown to be in-
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creased in the axons and dendrites of AD patients. In
carly EM studies, Suzuki and Terry (1967) showed a
marked increase in dense bodies in dystrophic neurites
in the AD cortex. These dense bodics were acid
phosphatase-positive,  signifying  their  lysosomal
character (Suzuki and Terry 1967). These observations
may have relevance to NGF signaling. If endocytic
vesicles containing activated TrkA are trafficked to
lysosomes in BFCN axons, rather than to their cell
bodies, the NGF signal would be destroyed premature-
ly. There are data to suggest this scenario. Whereas
NGF levels in the cortex and hippocampus of AD
patients are incrcased 2-fold relative to normal, the
NGF level in the basal forebrain is only onc-half
normal (Scott et al. 1995). These data suggest a failure
of NGF retrograde transport. Indeed, Mufson et al.
(1995) have used immunocytochemical studics to sug-
gest that less NGF is present in individual BFCNs in
the AD brain. Although a number of alternatives can
be envisioned to explain these results, the most attrac-
tive possibility is that retrograde transport of NGF and
of activated TrkA are decreased in AD. Studies to test
these ideas in animal models will help to define
whether activation of the endosomal-lysosomal systcm
can interrupt retrograde NGF signaling and, if so, what
significance this has for the dcath of BFCNs in AD.
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Chapter Four

A signaling organelle containing the nerve growth factor-activated receptor tyrosine

kinase, TrkA

Introduction
We sought to test the hypothesis that endosomal fractions from PC12 cells
containing active TrkA were capable of giving rise to TrkA-containing transport vesicles.
Retrograde movement of transport vesicles along neuronal processes is believed to be a
major mode of protein delivery from axon terminals to the soma (Overly, et al., 1996).
We reasoned if signaling TrkA could be found in these structures, this would provide
further ewvidence for the retrograde transport of TrkA in signaling vesicles.
‘W e also wished to determine if any population of these endosomal fractions were
clathrin coated as this would confirm our confocal findings detailed in Chapters 2 and 3
that Trk A enters the cell via a clathrin coated pit pathway. This chapter characterizes
further the endosomal fractions harvested from PC12 cells and introduces an in vitro
budding reaction to show that these endosomal fractions are capable of producing
transport-Vesicle-like membrane structures with the following characteristics: 1) NGF is
boung to TrkA; 2) TrkA is phosphorylated and bound to PLC-y; and 3) the endosomal
fl‘actions that give ri . . .
at give rise to transport vesicle-like membranes and contain TrkA and NGF
also COntain clathrin and the AP2 subunit, o-adaptin. This last point supports data
described in chapters 2, 3, and 5 that clathrin and AP2 are involved in an early stage of
in chapters 2, 3, an at ¢ y stag

TrkA

SNdocytosis, and that TrkA may signal to recruit such proteins.
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ABSTRACT The topology of signal transduction is partic-
ularly important for neurons. Neurotrophic factors such as
nerve growth factor (NGF) interact with receptors at distal axons
and a signal is transduced by retrograde transport to the cell
body to ensure survival of the neuron. We have discovered an
organelle that may account for the retrograde transport of the
neurotrophin signal. This organelle is derived from endocytosis
of the receptor tyrosine kinase for NGF, TrkA. In vitro reactions
containing semi-intact PC12 cells and ATP were used to enhance
recovery of a novel organelle: small vesicles containing internal-
ized NGF bound to activated TrkA. These vesicles were distinct
from clathrin coated vesicles, uncoated primary endocytic ves-
icles, and synaptic vesicles, and resembled transport vesicles in
their sedimentation velocity. They contained 10% of the total
bound NGF and almost one-third of the total tyrosine phosphor-
ylated TrkA. These small vesicles are compelling candidates for
the organelles through which the neurotrophin signal is con-
veyed down the axon.

A long-standing hypothesis predicts that ncurons exploit ret-
rograde transport of “signaling vesicles™ to convey the nerve
growth factor (NGF) signal from the distal axon, where
receptors bind NGF, to the cell body to evoke changes in gene
cxpression (1-3). Putative signaling vesicles may arise after
cndocytosis of neurotrophin receptors (4). It is known that
cndocytosis occurs at ncurite tips (5, 6). TrkA, the receptor
tyrosine kinase for the neurotrophin NGF, follows the pattern
of other receptor tyrosine kinases, which dimerize upon ligand
binding, with resulting activation of the intraccllular kinase
domain and rapid internalization (7). It is known that tyrosine
phosphorylated TrkA is retrogradely transported in axons and
that the amount increases in response to NGF trcatment (8).
Significantly, however, the organclies containing TrkA that
convey signal transduction down the axon have not been
isolated. We set out to capture such an organclle.

PC12 celis have been used as a model for signal transduction
events that occur at neurite tips (9). PCI2 cells mimic quite
closcly signal transduction cvents that occur in sympathetic
ncurons; in their undifferentiated state they express TrkA and
respond to NGF by inducing expression of neuronal proteins
and adopting a neuronal morphology (10, 11). Prolonged NGF
trcatment, followed by its withdrawal, induces these cells to
undergo programmed cell death closely resembling that seen
in sympathetic ncurons (12-15). Undifferentiated PC12 cells
also contain synaptic vesicles (16, 17) whose biogenesis and
trafficking are controlled by regulated seeretory processes
similar to those in nerve terminals (18, 19). These observations
suggest that the membrane traffic that occurs at axon tips.
including formation of other organclles that are specific to
neurons, may be modeled in undifferentiated PC12 cells. We
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recently examined TrkA receptors in intracellular organelles
atter a bricf period of internalization in PC12 cells (20). These
organclles contained tyrosine phosphorylated TrkA, bound to
both NGF and to phospholipasc C-y (PLC-y) (20). These
findings are evidence that internalized TrkA receptors con-
tinuc to be activated after endocytosis.

A number of organelles are involved in trafficking proteins
to and from endosomes (21, 22). and any one of these could in
principle be used to convey a signal. Activated TrkA is
internalized via clathrin-mediated endocytosis (20) from the
plasma membrane into primary endocytic vesicles, which
might in theory be retrogradely transported. However, primary
endoceytic vesicles also contain synaptic vesicle and housekeep-
ing proteins. Sorting of receptors away from these proteins at
the plasma membrane could be invoked to explain their
specific retrograde transport, but the existence of a distinct
class of primary endocytic vesicles for receptors has not been
established. The endosome, in contrast, is known to be a
sorting organclle (21, 22). For example. synaptic vesicle pro-
teins arc delivered by clathrin-mediated cendocytosis to the
cndosome. From there they are sorted into synaptic vesicles,
away from other proteins destined for recycling as well as
degradation (23). We hypothesized that ncurons cvolved a
mechanism for sending a signal to the cell body by building on
existing sorting machinery to create a novel class of transport
vesicles (3). Transport vesicles would be ideal for retrograde
signaling. having a high surfacc to volume ratio, and a topology
that would allow the cytoplasmic tail of receptors to easily
interact with the appropriate proteins. Small transport vesicles
derived from endosomes have not yet been isolated. However,
at least two different types of coats have recently been shown
to be associated with the sorting endosome (24-27). Distinct
coats arc presumably required tor the formation of different
types of vesicles. Neurons cxpress more types of coat proteins
than other cells (28), and it is possible that these are used to
form ditferent types of transport vesicles.

In vitro reconstitution of membrane traffic has been used to
characterize short-lived intermediates, such as transport ves-
icles, that convey proteins from one compartment to another
(29-32). as well as formation of synaptic vesicles (33). In vitro
reactions were used here to identify and characterize mem-
brane traffic intermediates formed through endocytosis, which
contained NGF and TrkA. The data suggest that a unique
transport vesicle derived from endosomes containing activated
ncurotrophin receptors may well serve the purposc of convey-
ing signal transduction down the axon.

MATERIALS AND METHODS

PCI12 cclls were obtained from Lloyd Greene (Columbia
University, New York). They were grown on collagen-coated
plates in RPMI 1640 medium, 107 horse serum, 5% fetal calf
serum exactly as described (9). NGF or '**I-NGF (1 nM) was

Abbreviations: NGF_nerve growth factor: TrkA, the receptor tyrosine

kinase for NGF: PLC-y. phospholipase-C-yl.
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bound to PC12 cells at 4°C as described (20). Cells were then
Warmed to 37°C for 10 min (warmed in vivo) to initiate
Membrane traffic, then chilled, washed, and permeabilized by
Passage through a Balch homogenizer in a cytoplasm-like
buffer containing 38 mM cach of the potassium salts of
aspartic. gluconic and glutamic acids, 20 mM Mops, 5 mM
reduced glutathione, 10 mM potassium bicarbonate, 0.5 mM
magnesium carbonate, 1| mM EGTA, 1 mM EDTA; pH
adjusted to 7.1 at 37°C with potassium hydroxide (31, 34, 35).
Invitro reactions were performed with hexokinase and glucose
(~ATP) or crcatinc phosphate, creatine kinase, and ATP
(+ATP) for 15 min at 37°C as described (31). Where indicated
(sce Fig. 3F), 1 mM sodium orthovanadatc was added to in vitro
reactions. Cytosol and organelles relcased from the cclls were
separatcd from the cell ghosts by centrifugation at 1,000 X g.
Organelles that emerged from permeabilized cells (the super-
natant of thc 1,000 X g spin) were scparated from the cytosol
and free NGF by layering over a 0.4 ml pad of 10% sucrosc and
centrifuging 100,000 X g for 1 hr (Fig. 1 A and B). Altcrna-
tively, an 8,000 X g centrifugation (P2, Fig. | C-E) preceded
the one at 100,000 x g (P3, Fig. 2). Vesicles in the pellets were
resuspendcd and applicd to 10-40% (wt/wt, for vclocity
sedimentation) or 15-50% (for cquilibrium density) sucrose
gradicnts with a 60% sucrose pad and centrifuged at 100,000 X
g for 1 hr (velocity) or 16 hr (equilibrium) in a Beckman
TiSW50.1 rotor. For Fig. 2 4 and B the P3 was applied to a

5-25% glyccrol gradient in buffer B with a 50% glycerol pad
(16. 31). Gradicnt fractions were trichloroacetic acid-
precipitated and counted and/or submitted to SDS/PAGE
and Western blotting (20). NGF crosslinking to TrkA was
carried out with disuccinimidyl suberate (Picrce), as described
(20). In some cxperiments intact '2I-NGF (14 kDa) was
quantified by SDS/PAGE and a Molccular Dynamics Phos-
phorlmager (data not shown). The profile of total '>I cpm in
gradicnts corresponded to that of intact NGF, indicating that
therc was no degradation of NGF. For cquilibrium gradients.
the density of each fraction was calculated from refractometry
mcasurements.

Immunoprecipitation of ccll fractions was performed on 100
ul PIM, P2, P3 or 83 fractions by the addition of 0.5 ml IP
buffer (150 mM NaCl/1% Nonidet P-40/0.5% deoxy-
cholate/20 mM Tris, pH 8.0/1 mM EDTA/1 mM sodium
orthovanadate), 100 ul 2% BSA, and 100 ul 10% glycerol.
Then 10 ug 1088 (IgG), 10 pg anti-rat TrkA (RTA: ref. 72:
1gG) or 5 ug anti PLC-y mixcd monoclonal (Upstate Biotech-
nology, Lake Placid, NY) was added. incubated overnight and
recovered with protein-A- or protein-A/G Scpharose (Picrce).
Scpharosc beads were washed twice in IP buffer and once with
water, then resuspended in 50 ul 7 M urea sample buffer (7 M
urea/2% SDS/125 mM Tris, pH 6.95/20 mM DTT/0.1%
Bromophenol blue) and heated (55°C for 15-30 min). Gradi-
cnt gels (from 5% acrylamide, 0.1% bisacrylamide to 129¢
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FIG. 2. (A and B) Synaptic vesicles did not contain NGF. (A4) Cells bound to '*3I-NGF were washed, warmed 10 min in vivo, chilled, washed,
then permeabilized. Cells were fractionated by successive 1,000 X g (P1), 8,000 x g (P2), and 100,000 X g (P3) centrifugations before or after in
vitro reactions with ATP. Vesicles in the P3 without an in virro reaction, (@) or after an i vitro reaction with ATP (+ATP, O) were applied to
5-25% glycerol velocity gradients and centrifuged 200,000 X g for 1 hr. (B) Synaptophysin in cell fractions was quantificd by Western blotting. After
incubating with I nM NGF or the vehicle alone at 4°C for | hr, PC12 cells were warmed 10 min at 37°C, chilled, washed, and permeabilized without
in vitro reactions. Glycerol velocity gradient fractions (as in A except that fractions were pooled in pairs) were analyzed by SDS/PAGE, proteins
were transferred to nitrocellulose and probed with anti-synaptophysin (SY38), followed by goat anti-mouse and '*[-protein A. Autoradiograms
of Western blots (above, 3 day exposure) and PhosphorImager quantification (below) show the amount of synaptophysin present in fractions in
the absence of NGF (=NGF, @) or its presence (+NGF, (). The distribution of rab3A (a gift of L. Elferink and R. Scheller, Stanford University,
Stanford; not shown) and synaptophysin identified synaptic vesicles in a peak at fractions 14-16. (C-E) In vitro reactions capture intermediates
at different stages of endocytosis. Equilibrium density of 251-NGF-containing vesicles in the 100,000 X g P3 (plotted on the same y-axis scale) after
2 min internalization in vivo plus a 15 min in vitro reaction with ATP (C, +ATP, a), or after 10 min internalization in vivo, plus a 15 min in vitro
reaction without ATP (D. —ATP, @), or after 10 min internalization in vivo, plus a 15 min in vitro reaction with ATP (E, +ATP, 0O).

acrylamide, 0.5% bisacrylamide, with a 4% acrylamide, 0.1% vesicles (37), that contained internalized NGF and TrkA.
bisacrylamide stacking gel) were run (36) and gels were dried 1351-.NGF was bound to cells at 4°C. Warming was uscd to allow
for autoradiography or proteins were transferred to nitrocel- internalization of bound NGF. After a short period of inter-
lulose. For blots probed with monoclonal antibodics against nalization (10 min at 37°C) about 10% of the total bound NGF
synaptophysin (SY38, Bochringer Mannheim), incubation was rcleased from permeabilized cells in the form of intracel-
with goat anti-mouse IgG preceded '*I-protein A. Blots lular organelles (20). In vitro reactions were then performed
probed with anti-phosphotyrosine (4G10) were detected with for 15 min at 37°C with permeabilized cells in a cytoplasm-like
135]-goat anti-mouse IgG that was prepared with lodobeads buffer containing cither hexokinase plus glucose, which de-
according to the commercial protocol (Pierce). Blots probed pletes ATP, or creatine phosphate, creatine kinase and ATP,
with anti-PLC-vy or anti-TrkA antibodies were detected with which regenerates ATP. The amount of bound NGF in re-
horseradish peroxidase conjugated anti-mouse or anti-rabbit leased organelles increased to 16-18% after in vitro reactions.
IgG and chemiluminescence (Amersham). Organelles that emerged from permeabilized cells were
scparated from cell ghosts, concentrated by 100,000 X g

RESULTS AND DISCUSSION centrifugation, and applied to sucrose velocity gradients (Fig.

We used mechanical permeabilization, which allows isolation 1 A and B). After an in vitro reaction without ATP (Fig. 14)
of intracellular organelles free from plasma membrane, to organclles that contained internalized NGF were heteroge-
examine NGF and TrkA-containing endocytic organelles in neous and mostly in two peaks at fractions 9 and 16. When
PC12 cells (20). In vitro reconstitution of membrane traffic in reactions were performed in the presence of ATP, the amount
mechanically permeabilized PC12 cells (31) was used to en- of 'I-NGF in the larger vesicles (fraction 9) decreased, and
hance recovery of short-lived organelles, such as transport that in small vesicles increased dramatically (Fig. 1B, +ATP).
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The new peak did not reflect organclle lysis during the in vitro
reaction because free NGF had been removed in an carlier
step. The small vesicles whose release was ATP-dependent
formed a peak around fraction 19, migrating more slowly than
those present without ATP. The increase in '**[-NGF in the
small vesicles was greater than the decrease in the large ones.
which suggests that donor compartment(s) in the cell ghosts
contributed to their formation.

We expected to find NGF in clathrin-coated vesicles, since
NGF induced colocalization of intracellular clathrin and TrkA
in PC12 cells (20). To separatc different vesicle species.
rcleased organelles were centrifuged at 8.000 X g prior to
centrifugation at 100,000 X g. The 8.000 x g pellet (P2)
contained the large vesicles that peaked at fraction 9 on
sucrosc velocity gradicents (Fig. 1C). After an in vitro rcaction
with ATP, NGF was depleted from large vesicles that were
present before the reaction (Fig. 1C). The large vesicles in the
pelletof an 8,000 X g centrifugation had an density of 1.18 g/ml
on sucrose cquilibrium gradients under all conditions (Fig.
ID). Both clathrin and «-adaptins were found in the P2
fraction, peaking at fractions 8-9 on sucrosc velocity gradients
(Fig. 1E) and at 1.18 g/ml on cquilibrium gradicnts (not
shown). a-adaptins were depleted from this peak after in vitro
reactions with ATP (Fig. 1 E). We conclude that the vesicles
containing NGF in the 8.000 X g P2 represent clathrin-coated
vesicles derived from the plasma membrane (28).

The small vesicles relcased with or without ATP in vitro were
found in the 100,000 X g pellet (P3). We asked if they were
synaptic vesicles, a ncuronal organclle whose composition is
relatively well defined (38). The P3 was subjected to glyeerol
velocity sedimentation (16) because synaptic vesicles are not
well resolved from transport vesicles on sucrose velocity gra-
dicnts (31). The small vesicles containing internalized NGF
migrated to the bottom of glycerol velocity gradients (fractions
1-5, Fig. 2A4). As cxpected, an in vitro reaction with ATP
increased the amount of NGF in the vesicles that migrated to
the bottom of the glycerol gradient (Fig. 2A4). In contrast,
synaptic vesicles formed a peak around fraction 15; they were
identified by Western blots of glycerol gradient fractions with
antibodics to the synaptic vesicle antigens synaptophysin (Fig.
2B) and rab3A (not shown). Both markers also colocalized
with vesicles at the bottom of the glycerol gradient (fractions
1-4), but it is only the lighter peak at fraction 15 that
corresponds to synaptic vesicles (16, 17, 39). Furthermore,
under no conditions was a peak of '*S[-NGF (or TrkA., not
shown) observed in synaptic vesicle fractions.

The data suggested that the in vitro reactions could be used
to capture intermediates at different stages of endocytosis.
One such intermediate is clathrin-coated vesicles, as charac-
terized above. Uncoated primary endocytic vesicles are de-
rived from clathrin-coated vesicles (28). Formation of these
vesicles should be favored after a very short internalization in
vivo, followed by an in vitro reaction with ATP to activate the
uncoating ATPasc (28). If internalization of NGF in vivo was
allowed to proceed only 2 min instcad of 10 min, the vesicles
released following in vitro reactions with ATP had an equi-
librium density of 1.15 g/ml (Fig. 2C). Vesicles of this same
density were produced after 10 min internalization and in vitro
reactions in the absence of ATP (Fig. 2D). Significantly, none
of these vesicles in the P3 contained clathrin or a-adaptins
(data not shown). The data support the view that NGF and
TrkA are intcrnalized via clathrin coated vesicles (20), which
arc subsequently uncoated to form vesicles that migrate to
fraction 16 on velocity gradicnts (Fig. 14) and peak at 1.15
g/ml on sucrose cquilibrium gradicnts.

It is possible that vesicles derived from endosomes scrve to
transport the neurotrophin signal (3). One would cxpect these
vesicles to have a lower sedimentation velocity and equilibrium
density than primary endocytic vesicles (21, 22). Vesicles
produced in vitro with ATP after a 10 min internalization may

correspond to vesicles derived from endosomes. Under these
conditions, when the 100,000 X g P3 was centrifuged to
cquilibrium on sucrose gradients thc NGF peak had an
cquilibrium density of 1.13 g/ml (Fig. 2E). This valuc is
different from that for vesicles derived in the absence of ATP
(Fig. 2D), and only slightly less than that for constitutive
secretory vesicles, which in PC12 cells have a similar sedimen-
tation velocity (31, 40). Thus, we appear to have detected a
novel class of small endocytic vesicles that are downstrcam
from both clathrin-coated and uncoated primary endocytic
vesicles, and are distinct from synaptic vesicles.

The “signaling vesicle™ hypothesis (1-3) motivated analysis of
TrkA receptors in these organclies. We cxamined TrkA in the
following cell fractions after in vitro reactions in the presence of
ATP: 1) the NP40-soluble cell ghost membranes (P1), containing
plasma membrane; 2) the 8.000 X g pellet (P2), containing
clathrin-coated vesicles; 3) the 100.000 X g pellet (P3), containing
small vesicles, and 4) supernatant (S3) containing cytosol (20).
We asked if NGF was bound to TrkA in these fractions and if
TrkA was activated (i.c., tyrosine phosphorylated). A membrane
permeable crosslinking reagent, disuccinimidyl suberate,
crosslinked '»I-NGF to TrkA in the small vesicle (P3) fraction
(Fig. 34). The amount of NGF crosslinkcd to TrkA in the small
vesicles was 10% of total crosslinked NGF; this is in good
agreement with the amount of NGF in these vesicles (10.1% *
1 of total bound NGF, n = 10), suggesting that NGF in the small
vesicles remained bound to TrkA.

Continued receptor occupancy suggested that TrkA would
be activated in the small vesicles. TrkA was immunoprecipi-
tated after a 10 min internalization in the absence and presence
of NGF, followed by in vitro reactions with ATP (Fig. 3B8).
Under these conditions about a third of the mature form of the
receptor, gpl40T™A, was recovered in the P3 (Fig. 3C). This
represents TrkA in both the biosynthetic and endocytic path-
ways. The P2 and P3 fractions together contained 10-15% of
the immature form of the receptor, gpl107™A (41, 42), and the
amount changed little with NGF (Fig. 3 B and D). Activated
TrkA, which must be derived from the plasma membrane
where it was cxposcd to NGF, was assessed by blotting
immunoprecipitates with anti-phosphotyrosine (Fig. 3B
Right). Fractions prepared from cells not exposed to NGF
contained very little tyrosine phosphorylated TrkA, indicating
that in vitro rcactions did not artificially activate the receptor
(Fig. 3 B and E). The small vesicle (P3) fraction contained
almost onc-third (28%) of the total tyrosine phosphorylated
TrkA after NGF treatment (Fig. 3E). TrkA activation was
persistent in these vesicles since it was detected 25 min after
initiating NGF trecatment (i.c., 10 min in vivo, 15 min in vitro).

Since the reactions above were performed in the absence of
phophatasc inhibitors, it is possible that tyrosine phosphatascs
were acting on TrkA. Without in vitro rcactions, NGF induced
a 17-fold increasc in total ccllular tyrosine phosphorylated
TrkA (20). After in vitro reactions with ATP, stimulation was
reduced to 14-fold. If the phosphatasc inhibitor orthovanadate
was added to in vitro reactions, a large incrcase in background
tyrosine phosphorylation of TrkA was obscrved in cells not
treated with NGF, and more tyrosine phosphorylated TrkA
was detected in the P2 than in the P3, with or without NGF
(Fig. 3F and data not shown). In spitc of the increase in
background, NGF induced a 5-fold incrcase in total tyrosine
phosphorylated TrkA (Fig. 3F Right).

PLC-vy has been shown to bind to TrkA after NGF activation
(43, 44). We have shown previously that PLC-y was bound to
TrkA in cell ghosts and intraccllular organelles after NGF
trecatment (20). We asked whether this binding persisted in small
vesicles after in vitro reactions. PLC-y was immunoprecipitated
from the small vesicle (P3) fractions after a 10 min internalization
followed by in vitro reactions in the presence of ATP and
orthovanadate (Fig. 3F). Under these conditions tyrosine phos-
phorylated PLC-y was detected in the small vesicle fraction only
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FiG.3. (A) TrkA was crosslinked to NGF in small endocytic vesicles. Cells were bound to 'I-NGF, washed, warmed 10 min, chilled and analyzed
after an in virro reaction with ATP. The membrane permeable crosslinking reagent disuccinimidyl suberate was added (2 mM, 4°C, 30 min) to the
permeabilized cell suspension before fractionation of membranes. One-fifth of the cell ghost membranes (1,000 X g pellet, P1), one-half of the
8,000 > g pellet (P2) one-half of the 100,000 x g pellet (P3), and one-tenth of the 100,000 X g supernatant (S3) were immunoprecipitated from
samples with anti-TrkA (1088) (20, 42) and analyzed by SDS/PAGE and autoradiography (22 day exposure). The position of molecular weight
markers (kDa) is indicated. (B) TrkA is still activated in intracellular organelles after in vitro reactions. Untreated PC12 cells or PC12 cells bound
to NGF (1 nM, 4°C) were warmed 10 min and fractionated and immunoprecipitated as in A after in vitro incubation with ATP. The presence of
TrkA was assessed by immunoprecipitation, followed by Western blotting, with anti-TrkA and anti-phosphotyrosine (indicated). RTA (a gift of
D. Clary, ref. 72) was used for immunoprecipitations. Western blots were probed with RTA followed by horseradish peroxidase-conjugated
anti-rabbit 1gG and ECL (Left, 1 min exposure). Two proteins were identified, gp1407™A and gp 11074 (indicated). The latter is a precursor to
gpl40TA (41, 42), and remained mostly with the cell ghosts after in vitro reactions with ATP. TrkA immunoprecipitates were also probed with
anti-phosphotyrosine (4G 10, a gift of S. Robbins and M. Bishop, University of California, San Francisco) followed by '**I-goat anti-mouse 1gG
(Right, 34 day exposure). Mature 140-kDa TrkA was tyrosine phosphorylated, while the 110-kDa immature glycosylated TrkA was not. Equal
amounts of cells were used to compare conditions. The top and bottom edges of the panels mark the position of the 200- and 97.4-kDa molecular
weight markers, respectively. (C-E) Quantification of TrkA and tyrosine phosphorylated TrkA in intracellular organclles. Data for gp1407™*A (C)
and gpl 10T (D) from 4 experiments as in B (Lefr) were quantified by densitometry and plotted as a percent of the total in all cell fractions with
error bars showing standard deviations. The conditions and fractions are labeled at the left. Data for tyrosine phosphorylated TrkA (£) from four
experiments as in (B Right) were quantificd by phosphorimaging or densitometry and plotted in reference to total tyrosine phosphorylated TrkA
following NGF treatment with error bars as in C. (/) Sodium orthovanadate was added to in vitro incubations with ATP. Untreated cells (Left)
and NGF-treated cells (Right) were permeabilized and incubated in vitro with ATP in the presence of 1 mM sodium orthovanadate. TrkA was
immunoprecipitated as in A with anti-TrkA (1.088) (20, 42). In the P3 fraction, PLC-v, then TrkA was immunoprecipitated from the P3 fractions
(indicated by IP). Proteins were Western blotted with antiphosphotyrosine followed by horseradish peroxidase-conjugated antimouse and detected
using ECL (20 sec exposure). Equal amounts of cells were used to compare conditions. The top and bottom edges of the panels mark the position
of the 200- and 97.4-kDa molecular weight markers, respectively.

in NGF treated cells (Fig. 3F, PLC-y immunoprecipitation) and
some was precipitated by anti-TrkA (P3, TrkA immunoprecipi-
tation). The presence of activated TrkA and TrkA bound to

p75NTR or through signal transduction mediators downstream
from receptors (45). Because it was the first NGF receptor to
be discovered, p75NTR was invoked in earlier versions of the

PLC-vy in small vesicles suggests that signal transduction could be
initiated from receptors in these organelles.

Our studies have identificd one possible organelle that may
convey the NGF signal down axons. Important signaling events
may be mediated through TrkA in other organelles, through
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“signaling vesicle™” hypothesis (1, 2). The role of p7SNTR, which
binds other neurotrophins as well as NGF, has been contro-
versial (46-49). The importance of this receptor is demon-
strated by the fact that mice in whom the gene has been
disrupted show abnormalities in both the peripheral and



central nervous system (50). p7SNTR has been shown to en-
hance NGF binding and signaling through TrkA (51-34).
P7SNTR also initiates signal transduction separately from TrkA
(55-57). There is increasing cvidence that the signals gener-
ated by p75N™R promote programmed cell death (58-61)
rather than prevent it, as does TrkA (62). p75N!® is internal-
ized and retrogradely transported, but it docs not appear to be
down-regulated from the cell surface in response to NGF

(M.G.. D. Hall, A. Schroepfel, and W.M., unpublished obser-

vations) (63-65). Moreover, p75NTR doces not appear to play a
significant role in the retrograde transport of NGF, but does
transport other neurotrophins (66, 67). These findings suggest
that p75NTR does not play a role in survival-promoting retro-
grade signaling by NGF.

In previous work (20) on NGF-treated PC12 cells, we showed
that NGF was internalized bound to TrkA. Different endocytic
organeclles were separated by differential sedimentation and both
large and small organelles were found to contain activated TrkA.
In the present study we used in virro reactions containing semi-
intact PC12 cells and ATP to examinc the kinctics of formation

and physical characteristics of a novel organelle: small vesicles
containing internalized NGF bound to activated TrkA. These
vesicles were distinet from clathrin-coated vesicles, uncoated
primary endocytic vesicles, and synaptic vesicles, and resembled
transport vesicles in their sedimentation velocity and cquilibrium
density. They contained at least 10% of the total bound NGF and
almost onc-third of the total tyrosine phosphorylated TrkA.
Because not all of the organclies may have emerged from
permeabilized cells, we regard these values as a lower limit for the
content of NGF and activated TrkA. Receptor activation was
persistent in the vesicles. Sustained activation of receptors in
Intracellular  organelles may explain prolonged activation of
downstrcz_lm kinases by TrkA (4, 68, 69). These findings provide
strong evidence for the existence of a distinct class of vesicles
derived from endosomes. Furthermore, the small vesicles arc a
compelling candidate for retrograde NGF signaling. They sup-
gglrltldtl? hypothesis that internalized, activated TrkA receptors
vesicle (l'iln;ducc the NGF signal from the platform of a small
retro =3). It remains tqbe seen if these ()rg_zmcllcs arc used to
o gradely transport activated TrkA from distal axons to ncu-
N ccll bodics (8).
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Chapter Five

NGF-induced TrkA signaling induces recruitment and

phosphorylation of coated pit proteins

Introduction

Having seen the NGF-induced effects on clathrin redistribution that were
described in previous Chapters, we asked if TrkA signaling was responsible. In the
course of our studies we gathered data supporting several interesting TrkA associations
with clathrin, a-adaptin, and pp60°" that were increased as a function of TrkA kinase

activity.

Coated pits, clathrin, and endocytosis of receptors

Clathrin, described in detail below, is an important component in coated pit
endocytosis of receptors that are internalized constitutively (e.g.- Transferrin receptor) or
in response to ligand binding (e.g.- EGF-R, insulin receptor, and TrkA). Clathrin is also
involved in synaptic vesicle production and recycling, and in transport vesicle budding

from the trans-golgi network (Pearse and Robinson, 1990; Schmid, 1997).

Though the body of literature regarding coated pit formation is large, little is
known about the control of this process. A careful survey of earlier research provides the

interesting clue that clathrin coated pit-endocytosis is regulated by activation of RTKs. A
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study conducted by Connolly and Green in the 1980°s examined the plasma membrane of
PC12 cells treated with NGF. This electron microscopy (EM) study showed radioactive
NGF positioned over what are now considered classic coated pit plasma membrane
densities. Interestingly, the number of these densities increased two to threefold within
minutes of NGF addition, while cell surface area remained relatively constant (Connolly
et al., 1981). Similar results were seen in PC12 cells treated with EGF (Connolly et al.,
1984). The authors concluded that NGF and EGF regulated the number of clathrin coated
pits, and argued that this event may represent a fundamental characteristic of the response
to polypeptide growth factors. However, the mechanism for this response and its

biological significance were uncertain.

In related studies, there was a six-fold increase in plasma membrane-associated
coated pits in bovine chromaffin cells 1 to 2 minutes after adding carbachol, a cholinergic
agonist. The coat for these new pits appeared to be recruited from a cellular pool not
detected by EM. (Geisow et al., 1985). Further evidence that receptor activation -
influences the distribution of clathrin was provided by studies demonstrating that insulin
treatment of adipocytes caused a doubling in the amount of clathrin in plasma membrane
(Corvera, 1990). The authors used biochemistry and sub-cellular fractionation to
document their findings. The reason for increased membrane association of clathrin was
suggested to be an increase at the cell surface of the insulin receptor in response to insulin

treatment.

These studies along with our independent observations that NGF elicited a
marked and rapid increase in plasma membrane-associated clathrin (Chapters 2-3)

prompted us to investigate the effect of NGF on clathrin redistribution. The goal was to
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confirm that NGF does regulate the association of clathrin with surface membrane and to
define the mechanism for the effect. We discovered a robust effect for NGF signaling in
redistributing clathrin. This was due to activation of TrkA and was shown to be
associated with the creation of complexes containing TrkA, AP2, clathrin, and pp60°©.
Significantly, we gathered evidence to indicate that the clathrin heavy chain (CHC) was
phosphorylated in response to NGF treatment and that pp60°° was responsible. These
data raise the possibility that NGF signaling regulates clathrin coated pit formation

through the binding and phosphorylation of CHC to plasma membrane TrkA receptors.

B asic components involved in coated pit endocytosis

Clathrin is a complex composed of three clathrin heavy chain (CHC) subunits and
three clathrin light chains that come together to form a triskelion shaped multimer
forxming the basic structural unit of clathrin cages (see model, figure 22). During
end O cytosis, single clathrin triskelions and other coated pit molecules bind and assemble
to £Oxrm a hexagonal clathrin lattice over the cytosolic surface of the plasma membrane.
These |attices then deflect inward and produce the classic coated pits that carry cargo
(e.ezx - receptors and their ligands) into the cell. Endocytosis then occurs through the
pinching off of these coated pits to form coated vesicles. Coated vesicle proteins are
Quic 1y shed from these vesicles and are then available to engage in another round of
ell':loﬁ‘—yﬂtosis.

Adaptor proteins (AP) are bridging proteins that connect the carboxyl-terminus of
recer’t(nrs to the CHC lattice. Different isotypes of APs have been identified that are
speciﬁc to plasma membrane endocytosis (AP2) and TGN budding (AP1). Both adaptor

fary ;
1y members are complexes of four subunits; two of 100kD, one of 50 kD, and one of
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17 kD. AC1M11, an antibody specific to the 100kD AP2-specific subunit, o-adaptin, was
used in this study to mark this plasma membrane-specific coated pit protein. Another
molecule that has been found to be vital to coated pit formation and function is dynamin.
Dynamin is a protein localized to the necks of newly formed coated pits and is thought to

be involved in the membrane fusion or “pinching-off” step of coated vesicle formation

(Hinshaw and Schmid, 1995).

In constitutive endocytosis of cargo-carrying receptors, like the transferrin
receptor, this process occurs in the presence or the absence of the ligand. In the ligand-
induced endocytosis seen with receptors like EGF-R and the insulin-receptor, the
presence of growth factor causes an increase in coated pit formation (Connolly et al.,
198 1 ; Connolly et al., 1984; Corvera et al., 1989), (Geisow et al., 1985). In these cases,
ligrza 1 d application is believed to expose sorting motifs within the C-termini of receptors

that promote binding with AP2 (Schmid, 1997).

A few distinct models of ligand-induced receptor entry into coated pits exist. One
Of these involves the activation-induced exposure of receptor carboxy-terminal AP motifs
that allow entry into preformed coated pits (Santini and Keen, 1996). Another calls for
the Tormation of coated pit proteins around an activated receptor (Kirchhausen et al.,
199'7). Though our studies may not distinguish between these possibilities, receptor
actiVation of clathrin recruitment can be applied to both of these models.

This chapter describes experiments using cells expressing the three permutations
of NGr receptor expression. Initial experiments were performed with cells expressing
erl‘dogenous levels of both wild type TrkA and p75 (PC12 KB), and with cells expressing

o
tThey p75 (Schwann) or TrkA (TrkA 3T3 fibroblasts and D283 meduloblastomas). TrkA
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is a member of the Trk family of receptors; TrkA, TrkB, and TrkC, which bind the
neurotrophins NGF, BDNF, and NT3 respectively. These receptors are homologous and
elicit very similar signal cascades (Yuen et al., 1996). 3T3 fibroblasts expressing TrkA or
TrkB were used to assess Trk receptor signaling effects on clathrin redistribution and the
AP2 subunit a-adaptin. Confocal studies with these cells yielded NGF-induced

redistribution results for both of these coated pit proteins.

Cells expressing both wild-type p75 and TrkA receptors (TrkA PC12 nnRS) or

ex pressing mutant TrkA receptors with defective signaling capacity (TrkA PC12 nnR5
22 .77 and M1 lines) were compared for their NGF-induced clathrin responses. The results
frormn these experiments support the theory that TrkA signaling is responsible for the
clathrin redistribution since only cells with functional TrkA receptors redistributed

clathurin to the plasma membrane.

Phos phorylation of coated pit proteins

In searching for a possible mechanism for clathrin redistribution we became
interested in coated pit protein phosphorylation. Though no previous data shows that
ligz'ltld-induced RTK signaling leads to changes in CHC phosphorylation, there is ample
Prec edent for coated pit protein phosphorylation (Lamaze and Schmid, 1995); (Fallon et
al., 1 994; Holen et al.,, 1995a). Brodsky and Wilde showed that in constitutive
cna Ocytosis, the B subunits of adaptins are phosphorylated on serine residues located in a
CHc binding site (Wilde and Brodsky, 1996). Phosphorylation of AP2 is thought to
I‘legatively affect CHC-AP2 binding and may aid in the clathrin uncoating process that

Oc . .
Curs rapidly after endosome formation. Interestingly, these same authors noted that

C
Hc ‘was tyrosine phosphorylated in unstimulated MDBK cells. But as the focus of the
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study was the phophorylation state of AP2 in these cells, effects on CHC phosphorylation
elicited by RTK stimulation were not examined.

The clathrin light chain, of which there are two subtypes in mammals (LCa and
LCb), has also been reported to be phosphorylated. In vivo studies showed that clathrin

light chain was phosphorylated on serines in reticulocytes (Bar-Zvi et al., 1988).

One kinase that could play a role in phosphorylation of clathrin is the non-

receptor kinase pp60°°. This protein is the best studied member of the SRC family of
Kkinases. It regulates a variety of cellular responses to extracellular stimuli (Brown and
C ooper, 1996). Prior studies have localized pp60°*° to the plasma membrane and to
ernnd osomes, moreover there is evidence that pp60°™ binds to and phosphorylates EGF-R
(Sato etal, 1995a; Sato et al., 1995b). Therefore, pp60°* is likely to be in close proximity
to coat proteins and is a candidate for a kinase that could act on them. A clue that CHC
mui gzt be a target of a SRC family kinase can be found in the following study. Increased
CHC phosphorylation and redistribution to the plasma membrane was seen in Rous
Saxcoma virus transformed fibroblasts when compared to CHC from control fibroblasts
(ML axtin-Perez et al., 1989). Recent papers showing that EGF-R and TrkA activation lead
'O activation of SRC family kinases suggest that pp60° could link signaling that begins
With RTK activation, leading to CHC phosphorylation (Hilborn et al., 1998); (Kremer et
al., 3 991). Finally, our collaborative studies with Wilde and Brodsky (Appendix) provide
Strong evidence that SRC kinase activity initiated by EGF-R does cause phosphorylation

OF CH . Herein we show pp60** associates with TrkA after NGF treatment.
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Methods

Reagents
Antibodies to clathrin and o-adaptin were provided by the laboratory of Frances
Brodsky. X22, a mouse monoclonal for the clathrin heavy chain, was used for
immunoprecipitation and immunostaining at 10 ug/ml. TD.1, also a mouse monoclonal
specific for clathrin heavy chain, was used for probing western blots at 3 ug/ml.
A.CI1IM11, a monoclonal specific to a-adaptin, was used at 1:500 for immunoblotting
while the monoclonal AP.6 was used to mark AP-2 in immunohistochemistry. The
amntibody specific to pp60™, Src327 (mouse monoclonal) used for immunoblotting at a
dilution of 1:1000 was provided by the laboratory of Michael Bishop.
Irmarmunoprecipitation of phosphotyrosine proteins was accomplished using mouse
Ig G 2bk, an agarose conjugated anti-phosphotyrosine antibody from UBI. Blotting for
Ph o sphotyrosine proteins was accomplished with the mouse monoclonal
anti phosphotyrosine antibody, 4G10 (UBI). Immunoprecipitation of TrkA was performed
usimg a polyclonal antibody from UBI specific to the amino-terminus of TrkA (06574) at
a fKinal concentration of 10 ug/ml. Secondary goat-anti-mouse antibodies for
in'*‘11'1\:lnohistochemical clathrin distribution analysis were obtained from Cappel. These

Werxre conjugated with FITC or thodamine for visualization.

PC12 nnRS cells transfected with TrkA or the TrkA mutants, 22.7 (activation loop
ttl"-1tél.nt, YY674/675FF) and M1 (kinase dead, K538N), were obtained from Robert Kupta
anq the Reichardt laboratory and were originally made by David Kaplan. Schwann cells
Were supplied kindly supplied by Gihan Tennekoon. TrkA expressing D283 cells were

produced by Janice Valletta in the Mobley laboratory. KB PC12 cells were originally
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cloned by Kevin Tommaselli from a PC12 line supplied by Lloyd Green. TrkA and TrkB
expressing 3T3 cells were supplied by Regeneron, Inc.

NGF was isolated by the method of Mobley et al. (Mobley et al., 1976).

Cell Culture

PC12 cells were maintained as described in Chapters 2-4. All cells were
maintained at 37°C with 5% CO, . PC12 cells were cultured in DME-H21, 10% horse
serum, and 5% fetal calf serum. All tissue culture media and media additions were
supplied by the UCSF Cell Culture Facility. Priming of PC12 cells was accomplished by
ad dition of 2nM NGF to cells for seven days prior to the time of the experiment. Cells
were washed with three media changes at 30 minute intervals to remove NGF before the

ini tiation of the experiment.

PC12 nnRS TrkA and mutant cell lines were cultured on collagen coated plates in
the mmedia described above with the addition of 100 ug/ml Geneticin.

D283 cells were grown on plastic and fed with MEM Earl’s BSS containing 10%
hol‘Se serum, Na pyruvate, nonessential amino acids, pen/strep, and 600ug/ml G418.
Seh~wvan cells were maintained in high glucose DMEM containing 10% fetal calf serum,
pe T/ strep, and amphoterasin B (4ng/ml). 3T3 TrkA and TrkB cells were grown on plastic

AN majntained in H-21 DMEM containing 10% horse serum and 200ug/ml G418.
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Immunohistochemistry and Microscopy

Preparation of cells for immunohistochemistry, immunohistochemical staining,
and confocal microscopy was done as described in Chapters 2 and 3. Cells were treated
with NGF as described in Chapters 2 and 3 with the exception of PC12 cells, which were

chilled to 4°C on Chamberslides, given 2nM NGF in serum free media for 1 hour, and
then warmed to 37°C for 2 minutes. After chilling cells quickly to 4°C, the cells were
fixed with 4% paraformaldehyde for 20 minutes at 4°C, and blocked with a PBS/1ug/ml
saponen/ 10% goat serum solution. Clathrin distribution was visualized using the
monoclonal anti-clathrin heavy chain antibody, X22, in conjunction with a goat-anti-
mouse FITC-conjugated secondary antibody. Confocal microscopic analysis of clathrin
d1i stribution was accomplished using a MRC 1000 Laser Scanning Confocal Microscope
(BB 1 o-Rad, Hercules, CA) equipped with a krypton/argon laser and attached to a Zeiss
A > i Overt microscope. Care was taken to ensure data was collected a point midway

betaeen the substrate-attached plasma membrane level and the top of the cell.

Claa thrin Redistribution and Assembly Assays

KB PC12 cells were assayed for clathrin assembly. Cells were grown to 70%
conf uency and media was changed to 1% horse serum 12 hours prior to the experiment.
One 15cm plate of cells per condition was harvested with calcium and magnesium free
PB S, and resuspended in 5 mls of cold DME/25mM HEPES buffer with or without 2nM
NGF - The cell suspensions, in 15 ml conical tubes, were rotated for 1 hour at 4 °C, then
war‘hed for 2 minutes in a 37°C water bath with periodic gentle mixing. Samples were

c -
hllled in an ice bath for 3 minutes to stop endocytosis, spun at 1000x g for 5 minutes,
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washed once with cold PBS, and resuspended in 1 ml cold MES buffer (100 mM MES,
pH 6.8, 0.5 mM MgCl,, 0.2 mM DTT, 1 mM PMSF, 0.1 ug/ml each leupeptin and
aprotinin). Membranes were disrupted by three cycles of freeze/thawing and pellet
disruption with a 25-gauge needle. Samples were spun at 1000x g for 5 minutes to
remove nuclei and intact cells and the supernatant was centrifuged at 100,000x g for 40
minutes. The resulting pellet (assembled and membrane associated clathrin triskelion
fraction) was resuspended in lysis buffer (see Chapter 2 for lysis buffer contents). The
supernatant (unassembled clathrin triskelions) was diluted 1:2 in a solution of 0.5 M Tris
buffer and 1% TX-100. Both lysed fractions were processed and subjected to SDS-PAGE
as described in Chapters 2 and 3.

Redistribution of clathrin to membrane fractions in PC12 nnRS TrkA and TrkA
mutant cells lines was assayed in the same manner as the assembly assay described above
except for the following exceptions in protocol. After membrane disruption by
freeze/thawing in MES buffer, samples were spun at 10,000x g for 10 minutes at 4°C.
The supernatant (cytosolic fraction) and the pellet (membrane fraction) were lysed and
processed as described above.

KB PC12 cells were used in the TrkA/clathrin association NGF time-course
assay. Here cells were grown to 70% confluency in the media described above in 10 cm
plates and given vehicle or 2nM NGF at 37°C for 1, 2, 5,15, or 60 minutes. At the end of
each time-point, media was aspirated off and cold PBS was used to wash cells while the
plates were transferred onto ice. Cells were then lysed and immunoprecipitated for TrkA
with the anti-TrkA antibody 06574 (UBI). Samples were subjected to SDS-PAGE,

transfer, and immunoblotting as described in Chapters 2 and 3. Antibodies against
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clathrin heavy chain (TD.1), phosphotyrosine (4G10), and a-adaptin were used to
sequentially probe the resulting blot. The blot was acid stripped using pH2.0 TBS for 30

minutes 25°C to prepare for subsequent antibody probing.

MHC Class I Biotinylation
One 15 cm plate of PC12 cells per condition were grown to 70 % confluency
before treating in suspension with vehicle or NGF (2nM) as described previously. After
this treatment, cells were kept at 4° C for 30 minutes in the presence of 0.5 mg/ml sulfo-
NHS-biotin. Cells were then spun down and resuspended three times in cold SmM
£glycine/ 5SmM lysine / 50 mM Tris in PBS. Cells were then lysed as described above and
irmmunoprecipitated with the anti-MHC Class I antibody OX-18 (1:1000) (Pharmingen).
S IDS-PAGE and blotting to nitrocellulose was followed by probing with HRP-conjugated

streptavidin. Visualization of bands was accomplished as described above.
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Results
Cells expressing a Trk family kinase or co-expressing Trk and p75 redistribute

clathrin upon NGF treatment. A qualitative assessment of clathrin

redistribution by confocal microscopy.

Our initial observation was that NGF treatment increased staining for clathrin
near the plasma membrane in rat pheochromocytoma (PC12) cells (Grimes et al., 1996b).
Of note, PC12 cells express both TrkA and p75. As a first test of the mechanistic basis
for clathrin redistribution, we asked which NGF receptor was responsible. Cell lines co-
expressing p75 and TrkA receptors, and cells expressing only one receptor were used.
Cultures were maintained and treated as described in Methods and were fixed and
prepared to show clathrin distribution before and after neurotrophin application. Fixed
cells were incubated with the CHC-specific mouse monoclonal antibody X22 followed
by a goat anti-mouse FITC conjugated secondary for visualization of distribution.

In these experiments, to confirm that the outer limit of clathrin staining near the
edge of the cell observed to increase with NGF was indeed located at the plasma
membrane, lipophilic carbocyanine dye, Dil (Molecular Probes), was used. Dil marks
plasma membrane lipids. We asked whether Dil staining would colocalize with staining
using the CHC-specific antibody X22. Figure 1 shows that warming cells in the absence
of NGF is associated with very little CHC staining near the plasma membrane. This is

evident in the relatively small amount of CHC staining at the apparent edge of the cell
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(green channel), and in the very modest degree of yellow staining in the overlap panel.
After 2 minutes of warming in the presence of 2 nM NGF there was a marked increase in
clathrin near the plasma membrane (green channel) and many points of overlap were
apparent between staining for CHC and Dil. These clathrin-positive structures may
represent flat triskelion lattices on the plasma membrane or clathrin coated pits.

The NGF effect on clathrin redistribution was also seen in PC12 cells treated with
NGF for 7 days before the experiment. Such treatment has been shown to enhance
neuronal differentiation in PC12 cells and to increase expression of both TrkA and p75.
(Zhou et al., 1995). Figure 2 shows that after washing primed cells, treatment with 2 nM
NGF for 2 min at 37°C resulted in increased clathrin recruitment to the plasma
membrane. Indeed, the difference between NGF and vehicle treated cells is striking.
These findings suggest that enhanced neuronal differentiation does not block the NGF
effect on clathrin.

Figures 3 & 4 show confocal micrographs of Schwann cells treated with NGF for
either 0, 1, or 2 minutes. These cells endogenously express p75 at high levels but lack
TrkA. We saw no evidence for clathrin redistribution even with NGF treatments of up to
20 minutes at 37°C (data not shown).

D283 human meduloblastoma cells transfected with TrkA (D283-TrkA) cells
were used to show whether or not clathrin redistribution could be seen in cells expressing
TrkA but lacking p75. The bottom panel of Figure 5 shows a confocal micrograph of
clathrin staining in TrkA meduloblastoma cells given NGF (2nM) for 2 minutes at 37°C.
The arrows highlight an outer boundary of the cell with intensified clathrin redistribution

to the plasma membrane. The upper panel shows a representative cell not treated with

62



NGF. Cells not treated with NGF failed to show any of this characteristically distinctive
clathrin staining at the plasma membrane.

Brain derived neurotrophic factor (BDNF) is a member of the neurotrophin
family, that binds and specifically activates the TrkB receptor. BDNF signaling through
TrkB is very similar to signaling through TrkA (Yuen et al., 1996). Figure 6 shows
confocal micrographs of clathrin redistribution in 3T3 TrkB cells treated with BDNF (2
nM). The cells in the top panel have diffuse clathrin staining and lack the marked pattern
for clathrin edging at the plasma membrane seen following BDNF treatment for 2, 10,
and 60 minutes. Similar results were obtained with NGF treatment of 3T3 TrkA cells
(data not shown).

To see if AP2 was also redistributed to plasma membrane, TrkB 3T3 cells were
examined with and without BDNF application (Figure 7). Two minutes of BDNF
treatment caused a dramatic redistribution of a-adaptin staining. The diffuse distribution
seen in the cytosol of untreated cells was converted to a pattern suggesting plasma
membrane localization (arrow, bottom panel). These results show that the clathrin
redistribution seen in Figure 6 is accompanied by the redistribution of AP2. This
observation is consistent with a model of RTK signaling in which several components of
clathrin coated pits are moved to the plasma membrane, possibly to a location on
activated RTKs (see Figure 22 model).

In summary, using confocal microscopy we gathered evidence indicating that
NGF and BDNF induced a marked, robust redistribution of clathrin and AP2 to the
plasma membrane. Our findings suggest that signaling from the TrkA and TrkB receptor

is responsible.
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Quantitative measurements of clathrin redistribution

Confocal microscopy provided data for a qualitative Trk-induced increase in
plasma membrane clathrin. We next sought to quantitatively examine redistribution. We
used the 2 minute timepoint because our original observations of the redistribution were
from cells with 2 minutes of NGF application at 37°C, and studies of Connolly and
Corvera showed a peak in the increase of plasma membrane coated pits at this timepoint
(Connolly et al., 1981) (Corvera, 1990). In Figure 8, the clathrin assembly assay
developed by Wilde and Brodsky was used to measure conversion of unassembled
clathrin to assembled clathrin. The assay is similar to previously published assays and is
described in detail in the methods section of this chapter (Corvera, 1990); (Jackson,
1993). This assay measures: 1) the amount of pelletable assembled clathrin triskelions
which are found mainly associated with membrane; and 2) the amount of unassembled
triskelions, representing the soluble, cytosolic fraction. PC12 cells were treated with or
without NGF for 2 minutes at 37°C and fractionated in MES buffer at pH 6.8. This pH
prevents disassembly of clathrin lattices during sample processing and fractionation.
After disruption of membranes by repeated freeze/thawing, the suspension was
centrifuged to separate the unassembled and assembled clathrin fractions. Fractions were
lysed with standard lysis buffer and equalized for protein content before processing by
SDS polyacrylamide gel electrophoresis (SDS-PAGE) and transfer to nitrocellulose.
TD.1, a CHC specific monoclonal antibody was used to probe the blot. An HRP-

conjugated secondary was used to visualize the signal using ECL-hyperfilm exposure to
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ECL phosphorescence. After scanning the exposed gel images into a digitized format,
band intensities were determined by measuring the density of the hyperfilm band
exposure per unit area with the gel plotting macro of NIH Image. In a representative
experiment shown in Figures 8 and 9, there was a doubling of assembled clathrin with
NGF treatment and a concomitant decrease in unassembled clathrin fraction. Four
separate repetitions of this experiment yielded an average NGF-induced increase in the
assembled fraction of 256% (standard error = 90%) above the vehicle treatment
condition. The average decrease in the unassembled fraction upon NGF treatment was

7.59% (standard error = 2.30%) below the vehicle treatment condition.

Previous studies have shown no measurable increase in plasma membrane surface
area after two minutes NGF exposure to PC12 cells (Connolly et al., 1981). To confirm
these results and to ensure that the increase in clathrin assembly was not due to a general
increase in plasma membrane surface area, we measured plasma membrane surface area
using the cell surface MHC class I molecule as a marker. Figure 10 shows results from 3
experiments in which biotinylated MHC class I was measured before or after 2 minutes
of NGF application. PC12 cells were treated with or without NGF and then chilled. To
biotinylate surface proteins, sulfo-NHS-biotin was added to the cells at a final
concentration of 0.5 mg/ml and incubated for 30 minutes at 4°C. The reaction was
quenched with Tris buffer containing SmM lysine and glycine. Cells were lysed with
lysis buffer and immunoprecipitated with the anti-MHC class I antibody, OX-18
(Pharmingen). After SDS-PAGE and blotting to nitrocellulose, HRP-streptavidin was
used to probe the blot. The signal was detected with the ECL chemiluminescence system

described above, and bands were quantified using NIH Image. No statistically significant
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changes in biotinylated MHC class I were found, confirming that an increase in plasma
membrane surface area does not account for the increase in NGF-induced clathrin

assembly.

To ask whether, as expected, clathrin redistribution was receptor mediated, we
examined the NGF dose-response. Figure 11 shows the NGF dose-response curve for an
assembly assay experiment similar to that in Figure 8. The NGF concentration ranged
from 20 pM to 20 nM. The results show at the lowest concentration tested, clathrin
assembly occurs. At this low concentration, only a small percentage of low-affinity
receptors are occupied while a large proportion of high-affinity receptors are bound
(Bernd and Greene, 1983). This data suggest a role for high-affinity receptors in clathrin

redistribution and supports the involvement of TrkA in this process.

A timecourse of NGF-induced TrkA signaling effects on clathrin assembly is
shown in Figure 12. The clathrin assembly assay described above was used to measure
the response of NGF (2nM) at 37°C over 10 minutes. The lower panel shows a blot
probed with the CHC-specific antibody, TD.1. The quantification of these data is
displayed in the top panel. The data show that activation of TrkA causes a maximal
clathrin assembly at 1 minute following ligand application. A commensurate decrease in
unassembled clathrin was seen extending to at least 10 minutes. Warming in the absence
of NGF resulted in no increase in assembly. These results indicated that TrkA signaling
affects clathrin assembly. Since clathrin assembly is mainly membrane-based, these data
are consistent with those from confocal microscopy in suggesting that NGF causes

clathrin redistribution to the plasma membrane.
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NGF-induced clathrin recruitment is blocked by TrkA kinase domain mutants

Since NGF binding to TrkA alone caused clathrin assembly, experiments were
carried out to determine if redistribution and assembly of clathrin was due to activation of
the TrkA kinase domain. TrkA signaling was disrupted through mutation of the TrkA
kinase activation site (K538N) or through mutation of the TrkA activation loop
(YY674/675FF). PC12 nnRS is a line of cells derived from PC12 cells in which TrkA
expression is depressed to very low levels compared to wild type. These cells show little
or no activation of TrkA in response to NGF. P75 is present in these cells. We examined
PC12 nnRS cells that expressed mutant or wild type TrkA introduced via stable
transfection. The kinase domain mutants, designated M1 (kinase dead, K538N) and 22.7
(activation loop point mutant, YY674/675FF), both prevent normal kinase activation and

thus normal signaling of the receptor (Cunningham et al., 1997; Ferrari et al., 1995).

Confocal microscopy (Figure 13) was carried out with PC12 nnRS5 cells
expressing wild type or mutant TrkA. Cells in the right panels were exposed for 2
minutes to NGF (2nM) at 37°C; in the left panels, cells were treated in the same manner
except that no NGF was added. The large arrowheads in the top left panel point to the
relatively obscure cell boundary, as marked by clathrin staining, in cells not treated with
NGF. The small arrows in the top right panel point to the more distinct clathrin edging
found in cells after NGF treatment. This increase in clathrin near the plasma membrane
was not seen in the M1 or 22.7 mutants suggesting that disruption of TrkA signaling also

disrupts CHC distribution to the plasma membrane.
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Results of a clathrin assembly assay using these cells are shown in Figure 14. The
studies were similar to those shown in Figure 8. The graph shows the percent increase in
band intensity of membrane fractions from 4°C in the presence of NGF (2 nM) to 2
minutes at 37°C with NGF. Wild type Trk-containing cells showed a significant increase
in membrane-associated clathrin with warming in the presence of NGF; this treatment
had no effect in cells expressing the activation loop mutant and actually reduced the
clathrin content of membrane fractions in cells expressing the TrkA kinase domain
mutants (n=2). These results confirm that TrkA is the NGF receptor responsible for
redistribution and show that Trk kinase activation is responsible. The decrease in clathrin
assembly in the kinase mutant raises the possibility that NGF binding to p75 suppresses

clathrin assembly on membranes.

NGF induced an increase in phosphorylation of CHC in cells expressing TrkA

The requirement for TrkA kinase activation suggested the possibility that NGF
acted through phosphorylation of one or more of the proteins in clathrin coated pits. The
CHC was a logical candidate. To ask whether NGF signaling caused CHC
phosphorylation, PC12 cells and Schwann cells were treated with or without NGF (2nM)
for 2 minutes at 37°C. They were then chilled and lysed. Lysate aliquots containing an
equal amount of protein were immunoprecipitated with the CHC-specific antibody X22,
followed by SDS-PAGE and blotted to nitrocellulose. The resulting western was probed
for phosphotyrosine with the antibody 4G10, and this was visualized with ECL

phosphorescence using an HRP-conjugated anti-mouse secondary antibody (Figure 15).
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Identical X22 immunoprecipitations were submitted to PAGE and blotted for TD1 to
ensure equal protein loading. Band intensities were quantified by NIH Image and the
signal for phosphotyrosine (bands in left blot) were divided by the signals for CHC (right
blot) to obtain a value for the relative level of tyrosine phosphorylation. The percent
change of this signal with NGF treatment is graphed at the bottom of Figure 15. In PC12
cells, NGF treatment caused a 67% increase in CHC pho'sphorylation. Three separate
experiments using KB PC12 cells (expressing wild type TrkA and p7S5), produced an
average increase in CHC phosphorylation of 86% * 28% (SE). In contrast, Schwann cells
showed an 8% decrease in CHC phosphorylation when treated with NGF. The band
below CHC here could be EPS 15 as this protein, found at the necks of coated pits, runs
below 183kD (Schmidt, 1997). The data point to a NGF effect on CHC phosphorylation

and suggest that signaling through TrkA is responsible.

NGF-induced CHC phosphorylation is blocked by TrkA kinase domain mutants

To ask whether TrkA kinase activation is responsible for the increase in CHC
phosphorylation, we compared the response to NGF of PC12 nnRS cells expressing wild
type and mutant TrkA. Figure 16 shows the results from an experiment done similarly to
that in Figure 15, but here a specific SRC kinase inhibitor, PP1, was used in one
condition (Hanke et al., 1996). Cells were held at 4°C or were treated with NGF (2nM)
for 2 minutes at 37°C . They were then lysed, immunoprecipitated with the CHC-specific
antibody, X22 and the immunoprecipitates were subjected to SDS-PAGE and transferred

to nitrocellulose for blotting with 4G10, an anti-phosphotyrosine antibody. The secondary
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antibody was visualized as described in Figure 15. The data show that NGF induced an
increase in CHC phosphorylation of 85% and 200% at 4°C and 37°C, respectively, in
cells expressing wild type TrkA (Fig 16, top bar graph). The SRC kinase inhibitor PP1 all
but abolished this effect in the wild type TrkA cells. NGF failed to increase
phosphorylation of CHC in the TrkA activation loop mutant, 22.7. In fact, in comparing
the warmed and unwarmed cells, NGF addition to this mutant caused a 25% decrease in
CHC phosphorylation (Fig. 16 bottom bar graph). These data confirm that TrkA kinase
activation is responsible for CHC phosphorylation and suggest that a kinase inhibited by
PP1 (e.g.- a SRC family kinase) plays a role. Surprisingly, NGF addition to the mutant in
the presence of PP1 increased CHC phosphorylation. Possible explanations for this

unexpected result are put forth in the discussion.

To further confirm these results, the above experiment with PC12 nnRS TrkA and
TrkA mutant cells was repeated using an anti-phosphotyrosine antibody for
immunoprecipitation in place of CHC immunoprecipitation. The resulting western blot
was sequentially probed for TrkA and clathrin with signal visualized as described
previously with ECL phosphorescence and an HRP-conjugated secondary antibody. The
results in Figure 17 show blots of PC12 nnRS5 wild type TrkA along with the TrkA M1
and TrkA 22.7 mutants probed for TrkA (top panel) with an anti-N-terminal TrkA
antibody (06574, UBI) and probed for CHC (bottom panel) with the TD1 antibody. The
bar graph in the middle shows the results of the NIH-Image quantification of the blots.
Mutant cell lines show little or no TrkA kinase activity and essentially no CHC
phosphorylation with or without NGF. In the wild type TrkA cells there was some TrkA

activation in the absence of NGF but there was a clear-cut increase in this activation in
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the presence of ligand. This increase was associated with an increase in CHC
phosphorylation. Thus TrkA kinase activity appears to be needed for the increased

phosphorylation by NGF.

TrkA association with CHC, tyrosine phosphorylated CHC, o-adaptin, and

pp60°™ increases with NGF application

The data suggested a model in which activated TrkA is required for NGF-
induced increases in CHC tyrosine phosphorylation and redistribution and assembly of
clathrin at plasma membrane. We asked if CHC (as an indicator of the presence of
clathrin triskelions) and other coated pit proteins could be found associated with TrkA.
PC12 cells were treated with NGF for 0, 1,2,5,15, and 60 minutes, chilled and lysed with
standard lysis buffer. The lysates were equalized for protein and immunoprecipitated with
an anti-amino-terminal TrkA antibody (06574, UBI). Immunoprecipitations were
subjected to SDS-PAGE and Western blotted to nitrocellulose. Blots were sequentially
probed with TD1 (anti-CHC), 4G10 (anti-phosphotyrosine antibodies), and ACIM11
(anti-o-adaptin). These blots are shown in this order, top to bottom, in Figure 18
accompanied by a bar graph showing the NIH Image quantification of the band
intensities. CHC was associated with Trk even without NGF application. The timecourse
shows a ~20% increase in TrkA-associated CHC at 1 and 2 minutes after NGF
application that falls off gradually over 60 minutes. This increase is measured from the
no NGF condition and is similar to the increases in CHC redistribution seen in earlier

experiments.
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The phosphotyrosine blot in Figure 18 (middle blot) shows an increase in TrkA-
associated phospho-CHC (arrow) that peaks during the 5 minute timepoint at 90% above
the no NGF condition and persists through 60 minutes. In this blot, the larger band below
the phospho-CHC signal is phospho-TrkA . The increase in TrkA phosphorylation at 1
minute correlated with the appearance of associated phospho-CHC, but the two peak at
different times. The peak of TrkA phosphorylation is 2 minutes while the peak of CHC
phosphorylation is at 5 minutes. This result raises the possibility that though TrkA and
CHC are found in a complex, Trk kinase association is not linked directly to

phosphorylation of CHC.

The lower blot of Figure 18 shows that there is a rapid 60% increase of a-adaptin
associated with TrkA at the 1 minute time point, which gradually falls off over 60
minutes. The association of a-adaptin with TrkA was confirmed in a similar experiment
examining wild type and mutant cell lines expressing Trk. A clear increase in TrkA/o-
adaptin association is seen with NGF treatment for 2 minutes of both PC12 cells and
PC12 nnRS5 cells expressing wild type TrkA. The increase was not found in the TrkA
22.7 mutant. In fact, there appeared to be background association of a-adaptin in the
mutant cell line without NGF, which was decreased by 50% after treating with NGF.
There is a doublet of a-adaptin visible in these immunoprecipitations which has been

observed previously (Wilde et al., 1996).

To show that the association of TrkA and CHC was due to kinase activation, we
compared PC12 cells with PC12 nnRS cells expressing either wild type or mutant Trk.

There was a robust increase in CHC in TrkA immunoprecipitates from cells expressing
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wild type TrkA. The TrkA kinase mutant failed to show an increase in TrkA/CHC
association following NGF treatment. As for a-adaptin, there was a higher background of
CHC association with TrkA without NGF which decreases with NGF application. More
background binding of CHC and a-adaptin to TrkA kinase mutants may be caused by
conformational changes in the C-terminus of the receptor caused by the mutation. These
data also raise the possibility that NGF-induced signaling activity of p75 leads to reduced
TrkA/ clathrin association. In this scenario, TrkA and p75 would have competing and
inverse effects on clathrin redistribution, phosphorylation, and receptor association.
Other data that show aspects of TrkA and p75 signaling to work antagonistically with

regards to apoptosis adds credence to this possibly (Bredesen and Rabizadeh, 1997).

NGF application induces TrkA and pp60"™ association in PC12 cells

Data outlined in the Appendix shows a requirement for SRC kinase activity in
CHC phosphorylation via activation of EGF-R signaling. Since TrkA activates pp60°™
(Hilborn et al., 1998; Kremer et al., 1991), and since pp60° has been shown to be
activated and bound by EGF-R (Appendix), we asked if pp60°° was associated with
activated TrkA. PC12 cells were treated with or without NGF (2nM) for 2 minutes and
processed (up to the western blot probing step) as in the experiments shown in Figures 19
and 20. In short, cells were lysed and immunoprecipitated with an anti-TrkA antibody
and submitted to SDS-PAGE and western blotting. The resulting blot was probed with an
anti- pp60°" antibody obtained from the lab of Michael Bishop (Ab. 327) and the signal

was visualized as described above. The band marked by the arrow denotes pp60™°s
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molecular weight, at 60 kD, and the band below it is the TrkA antibody band. Virtually
no pp60°° was found associated with TrkA without NGF, but with NGF application,

there was a dramatic increase in pp60°* in TrkA immunoprecipitates.

Models for coated pit machinery interaction

The above data adds to the old model of coated pit machinery interaction in that
we can propose new roles and new physical associations for the proteins involved. The
model in Figure 23 shows one possible scenario. The data that helped construct the old
model, depicted in Figure 22 featured; 1) TrkA localized to coated pits (Beattie et al.,
1996; Connolly et al., 1981; Grimes et al., 1996b) ; 2) pp60°° localized in plasma
membrane and demonstrated its ability to be activated and to bind RTKs (EGF-R)
((Brown and Cooper, 1996), Appendix); and 3) demonstrated binding of CHC to AP2

and AP2 to sorting motifs on RTKs (Schmid, 1997).

Our data suggest that TrkA activation causes the recruitment of AP2, clathrin, and
pp60° to TrkA receptors in plasma membrane. With the data showing EGF-R activation
of CHC phosphorylation by pp60° ( Appendix) it is tempting to speculate that activated
TrkA is able to bring pp60* and CHC together and thereby stimulate pp60° —mediated
tyrosine phosphorylation of CHC. This event may increase the ability of clathrin

triskelions to assemble, thus enhancing the speed and efficiency of TrkA endocytosis.
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Discussi

Cells expressing a Trk family kinase or co-expressing Trk and p7S redistribute
clathrin upon NGF treatment. Qualitative assessment of clathrin redistribution by
confocal microscopy.

Initial confocal observations that NGF induces rapid clathrin redistribution to the
plasma membrane in KB PC12 cells (Chapter 2) compelled us to seek confirmation in
other cells lines. Two minutes of NGF application was chosen as an optimal time to look
for the redistribution effect because: 1) our initial observations were at this timepoint; and
2) Connolly et al. reported this to be the peak of coated pit formation after NGF
application to PC12 cells (Connolly et al., 1981). Our results show that this redistribution
was robust, rapid, and placed clathrin at or near the plasma membrane. Importantly,
using a number of different cell lines, it was shown that the TrkA receptor was
responsible for the effect. Indeed, using PC12 cell lines transfected with either wild type
or mutant TrkA, it was evident that clathrin redistribution requires an intact kinase
domain. In Schwann cells, which express only the p75 neurotrophin receptor, NGF
treatment did not result in clathrin redistribution. These findings suggest that activation
of TrkA kinase results in the movement of clathrin to plasma membrane.

Clathrin coated pits contain other proteins integral to their structure and function.
Neurotrophin-induced redistribution of the AP2 adaptor protein subunit, ai-adaptin, was
used to confirm that Trk activation was effecting the initiation of coated pit formation on
the plasma membrane. AP2 is specific to plasma membrane coated pit formation (Page

and Robinson, 1995). A related adaptor protein, AP1 is also involved in coated pit
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formation but is specific to vesicle budding from the trans-golgi network. Previous work
indicates that AP2 binds the carboxyl-terminus of receptors after ligand binding and
activation (Glickman et al., 1989; Pearse, 1988). Among such receptors are the insulin
and EGF receptors, both RTKs. It appears that AP2 forms the inner coat of the coated pit
and acts as a bridge between receptors and clathrin (Schmid, 1997). Our results showing
a redistribution of o-adaptin staining with 2 minutes of neurotrophin application indicates
that neurotrophin binding to Trk is responsible for the recruitment of this coated pit
protein to the plasma membrane. This also suggests that the entire coated pit is
assembled in response to Trk activation. Our findings are consistent with earlier studies
demonstrating an increase in coated pits following addition of NGF, EGF, and insulin.
They enlarge upon the earlier studies by indicating that the effect is dependent upon RTK

activation.

NGF induces an increase in assembled clathrin. Quantitative biochemical

measurement of clathrin assembly in KB PC12 cells.

Clathrin in coated pits is assembled into large triskelion lattices. EM studies
indicated that NGF caused redistribution of clathrin to plasma membrane, but they did
not define the state of CHC assembly (Connolly et al., 1984). To address this question,
we used a method to measure clathrin assembly. This protocol, which was similar to
previously published methods, separates single triskelions from fractions with assembled
triskelion lattices (Corvera, 1990) (Jackson, 1993). These lattices are found mainly on

membrane. In PC12 cells, NGF induced an average increase of 256% + 90% (S.E.) (n=4)
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in assembled clathrin fractions compared with the controlled condition. This increase
occurred rapidly and was quite reproducible. The increase detected was comparable to
that seen by Corvera et al. These investigators showed a 200% increase in the
concentration of assembled clathrin with 2 minutes of insulin treatment on adipocytes
(Corvera, 1990). But, the increase is also comparable to the ~300% increase in coated pit
formation seen by Connolly et al. in their EM studies of NGF treated PC12 cells. An
important finding that links this study to that by Connolly et al. is that NGF did not
increase the amount of plasma membrane. In earlier studies, brief (2 minutes) NGF
treatment did not increase cell volume or surface area as measured by EM (Connolly et
al., 1984). We confirmed this result in cell surface biotinylation experiments with NGF
treatment showing that there was no significant change in PC12 cell-surface MHC class I
molecule with NGF treatment. MHC class I molecule presents peptides to immune
system cells that scan for non-self protein sequences and has been shown to be a good
marker of plasma membrane surface area (Brodsky, et al., unpublished data). Thus, an
increase in plasma membrane cannot account for the redistribution of clathrin.

To extend earlier findings, we attempted to define the receptor responsible for
increased clathrin assembly. To characterize the dose-dependence of clathrin assembly,
we examined NGF concentrations from 20 pM to 20 nM in studies on PC12 cells. Even
at 20 pM, assembly of clathrin was robust, with essentially no further increase at higher
concentrations. The sensitivity of the assay to the lowest concentrations of NGF supports
a role for high-affinity receptors in effecting the redistribution. Since TrkA is a known
component of such receptors, these data are consistent with a role for TrkA (Meakin and

Shooter, 1992).
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To confirm that TrkA is the mediator of NGF-induced clathrin assembly,
we assayed this activity after disrupting normal TrkA kinase function. PC12
nnRS cells transfected with either wild type TrkA or TrkA mutants were assayed
biochemically for clathrin assembly and membrane association after NGF
application. Our results showed that wild type TrkA cells responded well to NGF
as evidenced by TrkA tyrosine phosphorylation. Both TrkA mutants, however,
showed little or no increase in NGF-induced TrkA phosphorylation when
compared to wild type expressing cells. PC12 nnRS with reintroduced wild type
TrkA showed an increase in clathrin redistribution with NGF application. In
contrast, the PC12 nnRS5 lines expressing the two TrkA mutants (M1 and 22.7)
responded to NGF application with no increase or with a decrease in clathrin
assembly. Compared to the pre-treatment condition, membrane bound clathrin
levels reduce by 25% in M1 kinase domain mutants. These findings indicate that
Trk is the receptor responsible for clathrin assembly and point to the need for Trk
kinase activation. In showing that Trk kinase activation was needed for both
clathrin redistribution and clathrin assembly, the data show that the two are
mechanistically linked. Given earlier findings on the number of clathrin coated
pits, our data argue that Trk activation initiates signaling events that lead to the

recruitment of clathrin coated pit proteins to the plasma membrane.

The data from our timecourse experiments also support the view that a common

mechanism is responsible for clathrin recruitment and clathrin assembly. Both occur

rapidly and are present by 2 minutes. NGF’s effect on clathrin assembly peaked at 1

minute and was decreased at 10 minutes. Interestingly, Connolly et al. found an early
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peak for clathrin coated pits at 2 minutes and slow decrease of coated pits on plasma
membrane by 15 min. This early peak could represent the cell’s complement of TrkA
receptors binding to NGF and becoming activated with the ready transmission of the
signal causing clathrin redistribution and assembly. The decrease over the next 10 to 15
minutes is likely to reflect downregulation of activated TrkA receptors at the cell surface.
Confocal data from Chapter 3 showing significant co-localization of TrkA and lysosomal
markers after 20 min of NGF application suggests that Trk signaling may in fact be
terminated in lysosomes soon after NGF binding and internalization. If much of a cell’s
signaling-competent Trk complement is degraded by NGF-induced endocytosis by 20
minutes, signaling effects including clathrin redistribution would be expected to fall until

new Trk receptors are made.

Phosphorylation of clathrin increases after NGF application and this
increase is blocked by TrkA mutants and inhibitors of SRC kinase activity.

Evidence that Trk kinase activation was required for clathrin redistribution and
assembly, and previous evidence for phosphorylation of 1) clathrin light chain, 2) various
coated pit proteins (Schmid and Damke, 1995) (Fallon et al., 1994) (Holen et al., 1995b),
and 3) clathrin heavy chain itself (Wilde and Brodsky, 1996) encouraged us to examine
the possible effects of NGF on clathrin heavy chain tyrosine phosphorylation. Using the
same concentration and timepoint used in our previous experiments we discovered that
NGF increases CHC phosphorylation in PC12 cells. No increase was seen in Schwann

cells. Thus, as was the case with clathrin redistribution and assembly, NGF appeared to
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increase CHC phosphorylation through TrkA. This was confirmed in studies of PC12
nnRS cells expressing wild type and mutant TrkA receptors. It was only in cells
expressing wild type TrkA receptors that NGF induced an increase in CHC
phosphorylation. In collaborative studies with Brodsky and Wilde (see Appendix),
pp60°" is shown to be the agent responsible for this phosphorylation. Confirming this in
thesis studies, the CHC phosphorylation increase was prevented if an inhibitor of SRC
kinase activity was administered prior to NGF application. Thus, TrkA kinase activity
was shown to be required for increased CHC phosphorylation, redistribution and
assembly of clathrin.

Other receptors (e.g. the insulin receptor and the B2-adrenergic G-protein coupled
receptor) have shown clathrin recruitment capacity. When activated by ligand, the B2-
adrenergic G-protein coupled receptor becomes phosphorylated and binds B-arrestin 1
which in turn binds clathrin (Goodman et al., 1996). Could phosphorylation and assembly
of clathrin be related? The collaborative studies looking at EGF-R’s effects on clathrin
with Brodsky and Wilde (Appendix) show that they are. Here, the blockage of EGF-
induced CHC phosphorylation through SRC kinase activity prevented redistribution of
clathrin to the plasma membrane in A431 cells. The redistribution and phosphorylation
changes induced by EGF in A431 cells were more marked than those seen in the TrkA
expressing cell lines. The differences could reflect differential receptor expression levels,
or the presence of p75 negative modulatory effects in the TrkA cells. Studies outlined in
the Appendix determined the site of CHC phosphorylation in response to EGF to be
tyrosine 1477, which resides in the CHC’s assembly domain near the vertex of the

clathrin triskelion. This finding suggests that phosphorylation of CHC may modulate
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contact points between clathrin triskelions. Based on the experiments showing that
recruitment is prevented by blockage of CHC phosphorylation, it is likely that
phosphorylation is important to clathrin assembly. One question raised by this
suggestion is how clathrin and pp60°* are brought together. Inmunoprecipitation data
described in this thesis points to TrkA as a organizing center for multiple signaling and

endocytosis proteins.

NGF treatment induces increased TrkA association with clathrin, o-adaptin, and
ppoo™"

We asked whether TrkA could serve as signaling scaffold to bring together
pp60°** with endocytosis-promoting proteins to allow for CHC phosphorylation and to
increase triskelion assembly and subsequent facilitation of receptor endocytosis (Figure
23). NGF timecourse experiments were performed in PC12 KB cells to assess possible
TrkA associations. Anti-TrkA immunoprecipitations of cell lysates from these
experiments show a correlation of wild type TrkA activation with TrkA-bound CHC
phosphorylation. These experiments also correlate TrkA activation with increased
clathrin/TrkA and o-adaptin/TrkA associations. At the 1 minute NGF application
timepoint, TrkA/ ai-adaptin and Trk/ clathrin associations peak at ~60% and 20% above
control levels. CHC phosphorylation peaks at ~90% over background after 5 minutes
NGF application.

Experiments in PC12 nnRS cells with wild type and mutated TrkA cells

demonstrated the need for wild type TrkA kinase activity for increased associations of
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clathrin and a-adaptin with TrkA. In addition, pp60°" can be found associated with TrkA
at 2 minutes of NGF treatment in PC12 KB cells. With the body of literature linking
TrkA signaling to pp60°™ activation (Hillborn et al., 1998; Kremer et al., 1991) and the
precedent for pp60°™ association with active EGF-R (Sato et al, 1995), this last piece of
evidence is especially interesting.

There is a significant amount of clathrin associated with TrkA without NGF
treatment. This may represent receptors associated with clathrin in the process of budding
from the trans-golgi network or receptors awaiting ligand in cell surface coated pits. NGF
application may allow more access of receptors to these coated pits or cause clathrin to
assemble de novo around TrkA receptors.

The data presented here can be used to support the simple model presented in
Figure 23. According to such a model, signaling and recruitment might proceed as
follows. First, TrkA is activated by NGF, causing conformational changes in carboxyl-
terminal AP2 binding motifs. The dileucine motif is an example of these AP2 binding
sites which have been shown to be important in coated pit endocytosis (Hamer et al.,
1997) and a few of these sites can be found on the carboxyl-terminus of TrkA . Second,
these exposed binding motifs would increase AP2 association and allow for entry into
formed coated pits or for binding of soluble clathrin. Concurrently, pp60°* could bind to
sites directly on activated TrkA or to TrkA associated proteins. Clathrin would then be in
close proximity to pp60** for CHC phosphorylation, which would then increase triskelion
assembly around the complex. The next result of this model is enhanced internalization of
TrkA following NGF binding and activation. Our studies are the first of their kind to

show the ligand-induced redistribution and phosphorylation of CHC as well as the
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association of TrkA with CHC, o.-adaptin, and pp60°*. These results provide a new and

relatively simple model to test with future experiments.

How might p75 fit into this model? The suggestion that signaling from p75 may

oppose Trk-induced trafficking and phosphorylation of clathrin is supported by studies
demonstrating the antagonistic signaling effects of TrkA and p75 (Bredesen and
Rabizadeh, 1997) as well as our CHC phosphorylation and clathrin redistribution data.
First, p75-positive Schwann cells display a NGF-induced decrease in CHC
Phosphorylation. Second, TrkA kinase domain mutant cell lines show a NGF-induced
reduaction of assembled and membrane bound clathrin in biochemical studies. F inally,

confocal micrographs of the TrkA kinase domain mutant, M1, seems to show less plasma

MexXa brane associated clathrin after NGF application.
As previously stated the effect of EGF on CHC phosphorylation and

redi S tribution in A431 cells is more marked than is the effect of NGF on the same
pal-a-lfil'le:ters in PC12 cells. P75 may serve to attenuate the clathrin modulating signaling of
T

e for the purpose of keeping the resulting effects localized around the TrkA receptor.

T
rl(A and EGF-R elicit very similar signaling cascades (Stephens et al., 1994) This

probosed difference in controlling cell-wide clathrin modulating signaling might
c()tltt'ibute to the different mitogenic and differentiation effects of EGF and NGF.

The observed effects upon clathrin and associated endocytosis molecules induced
>3 "X'rkA and EGF-R signaling give us a new view of the mechanistic control of RTK
elltl0cy’(osis. They also provide us with many possible avenues of investigation to pursue

Uy
=XT stretch to other receptor systems utilizing coated pit endocytosis and beyond.

83



Which NGF receptor is responsible for clathrin redistribution?

Evidence that both TrkA and p75 elicit NGF-induced signal cascades exists
(Bredesen and Rabizadeh, 1997). Thus, we asked which NGF receptor was responsible
for the redistribution of CHC from the cytosol to the plasma membrane. Our data
showing that only cell lines expressing wild type TrkA can redistribute clathrin to the
plasma membrane with NGF treatment supported Trk's role. In addition, our
immunoprecipitation data supporting the associations between NGF-activated TrkA and
clathrin,ai-adaptin, and pp60°° suggest that at least a portion of the clathrin redistributed
to plasma membrane resides on TrkA. These data paint for us a new and interesting

mechanistic picture of how receptor tyrosine kinases may be endocytosed (see model,

figure 23)

Review of results and a new coated pit protein interaction model

In searching for a mechanistic explanation for this action, it was observed that
CHC tyrosine phosphorylation was increased when NGF was applied to cells with
functional TrkA receptors. In addition, after NGF application to TrkA-positive cells,
AP2, phosphorylated CHC, and the non-receptor kinase pp60° were found to increase
association with TrkA. These exciting results hint at the possibility that TrkA may serve
as a signaling scaffold upon which AP2, clathrin, and pp60°* coalesce to promote coated
pit endocytosis of TrkA. Future studies may involve a search for these interactions in

other receptor systems that utilize the clathrin coated pit pathway. As has been outlined in
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Chapters 2 and 3, internalization allows for the continued signaling of TrkA from
endosomal structures. Since we no longer think of endocytosis as simply a means to an
end of signaling but rather a transition to a new platform for continued signaling,
endocytosis has come to be seen as a key control point for signaling modulation.

Our collaborators, Wilde and Brodsky, are studying clathrin and the effects that
the epidermal growth factor receptor (EGF-R) has on its redistribution and
phosphorylation. Recent results (Appendix) show that, like TrkA, EGF-R activation leads
to redistribution and phosphorylation of clathrin. We have also shown that a SRC family
kinase is responsible for CHC phosphorylation and pinpoint the tyrosine of CHC that is
its target. These data, along with our data showing a NGF-induced TrkA/ pp60°°
association, supports this model.

Thus, TrkA'’s proposed role as a signaling scaffold may include bringing together
pp60°™ and clathrin for the latter’s tyrosine phosphorylation. How this phosphorylation
contributes to the endocytosis process is yet unclear but some evidence suggests that it
may aid in triskelion assembly over the c-terminus of TrkA (Pley et al., 1995). This
enhancement of clathrin triskelion latticing would positively affect internalization of

TrkA.
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Chapter 6

Implications and Future Directions

The sigmaling TrkA endosome as a retrograde neurotrophic signal
Examination of the subcellular locations from which TrkA signals are required to

fully understand growth and differentiation of NGF-responsive neurons. Early studies
Proposed that ligand-induced endocytosis of RTK’s was simply a means for
downre £ulation of the receptor and its signal (Khan et al., 1993). Other examinations of
certain RTK’s including the insulin receptor and the EGF-R along with our TrkA
sudies, suggests that endosomal RTK signaling occurs and may be important for the
PI'OPa g ation of the trophic signal (Khan et al., 1989) (Bevan et al., 1995). Recent
evide e supports the retrograde transport of NGF and Trk that initiates CREB
translOcation into the nucleus (Riccio et al., 1997b) The neuron’s requirement for intact
"rograde transport machinery has also been demonstrated (Johnson et al., 1980). This
SUEgests the possibility that activated TrkA signals from the mobile, intracellular
platfol‘m of an endosome. Our results detailing clathrin mediated endocytosis and the
c()ntil'lued competence for signaling by endocytosed TrkA in PC12 cell fraction support

thi
s Suggestion.

This evidence along with other laboratories' contributions (Riccio et al., 1997b)

fo
T 5 strong basis for the theory that we have proposed as to how some sets of neurons

(e

-

=cCio et al. used chamber-separated cultures of sympathetic neurons to effectively
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confirm our model in primary cultures. They have shown that if TrkA is allowed to signal
at the tips of sympathetic neuron processes while NGF is covalently bound to an
endocytosis-preventing matrix, evidence of TrkA signaling does not reach the nucleus. If,
however, NGF is allowed to be taken up freely by the tips of processes (isolated in a
separate media bath from their cell bodies by a silicon barrier), evidence of TrkA
signaling is elicited in a time course consistent with that of the retrograde trafficking of
transport vesicles (Overly et al., 1996).

The data suggest a model of survival in CNS neurons where a supply of NGF is
accessible to the tips of basal forebrain cholinergic projections in cortex. They support
the uptake of neurotrophin here by TrkA receptors and a subsequent retrograde
trafficking of the actively signaling receptor-ligand complex to the soma with the
transport vesicle as the platform. Once in close proximity to the nucleus this signaling
endosome would then be able to elicit the translocation into the nucleus of transcription
promoting factors supportive of the neuronal growth, differentiation, and maintenance.

Our data are derived from a most highly characterized tissue culture model of
TrkA-containing CNS neurons, the PC12 cell. These cells have the great advantage of
being amenable to subcellular fractionation, biochemical analysis, as well as to
immunohistochemical evaluation. Their easy passaging, similarities to neurons after NGF
application, and homogeneous purity made them our choice to establish the existence of
TrkA-containing endosomes in neuron-like cells.

This model has implications for the development and maintenance of neuronal

health in the subset of CNS and PNS TrkA positive neurons. It is interesting to note that

in disease states such as Down’s syndrome and Alzheimer’s, TrkA expression is highly
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correlated with CNS regions that are particularly affected by these maladies. Progressive
neuronal death in these instances may involve the interruption of the NGF trophic signal,
possibly by interfering with the formation or retrograde transport of the signaling vesicle.
If this scenario continues to be born out, our best hope for successful intervention in these
neurological diseases, demands understanding fully the processes that lead to the
successful transport of this trophic signal.

Future directions for study regarding the retrogradely transported signaling
vesicle include a more detailed characterization of resident vesicle proteins and the
transport mechanisms involved in their transport. Implications for other receptor systems,
which may not have remote trophic signal sources but which still may require the
signaling from the endosome are also plentiful. Analysis of the importance of this mode
of signaling not only for development and maintenance of neuronal health and prevention
of apoptosis, but of modulation of synaptic strength, targeting, and plasticity are possible

avenues of future study.

Receptor Signaling and Coated Pit Endocytosis
Our data are consistent with the first stage of the retrograde journey of the trophic
signal involving the endocytosis of TrkA and NGF by clathrin coated pits. Thus
endocytosis by this pathway is a possible trophic signal control point. This work detailed
in this thesis has explored the mechanics of this process and presents data that support the
theory that at least a proportion of TrkA is endocytosed by clathrin-coated pits (Chapters
2 and 3). We also present data for Trk and clathrin colocalization along with the presence

of CHC and AP2 in endosomal fractions (Chapter 4). Furthermore, these studies

88



prompted us to investigate various NGF-induced clathrin redistribution, phosphorylation,
and receptor association phenomena that have lead us to a new model for ligand-
mediated coated pit endocytosis (Chapter 5). In this model (Figure 23) TrkA and EGF-R
activation leads to increased a-adaptin, clathrin, and pp60*° association with the receptor.
Since our earlier studies helped to show that endocytosis is not just a means to a
downregulation end, but the beginning of a new location of RTK signaling, this process
of endocytosis can be seen as a key control point for receptor signaling.

Chapter 5 and the Appendix highlight similarities in ligand-induced clathrin
responses between the EGF-R and TrkA systems. Therefore these data may have
important implications for the endocytosis and signaling of other receptors thought to be
endocytosed by clathrin coated pits. Our initial confocal studies suggested that the
increase in clathrin at the plasma membrane is not simply utilized for TrkA endocytosis
but likely is bringing other receptors into the cell upon NGF stimulation. This putative
trans-activation of clathrin coated pits that increases the uptake of other receptors, and
which is stimulated by NGF application, may be important to neurons differentiation and
maintenance.

The ligand-induced increase in CHC phosphorylation, association with TrkA, and
redistribution are reported here for the first time. The discovery of pp60°° as the best
candidate for CHC phosphorylation also outlined in the Appendix brings more detail to a
putative endocytosis model that has pp60*° and CHC brought together upon the signaling
scaffold of TrkA. These ligand-induced responses may shed new light on the mechanisms

of coated pit endocytosis for a wide variety of receptor systems and bring up many new

questions to be asked in future studies.
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For example, what other receptors that utilize CHC endocytosis effect the
phosphorylation state of CHC? How exactly does this phosphorylation enhance
endocytosis as the data outlined in the Appendix and previous studies of Pley et al.
suggest?

Can we also see an effect on coated pit formation involved in outward cellular
traffic (golgi)? If so what are the similarities and differences between the plasma
membrane and golgi mechanisms? The biochemical data in this thesis examining the
redistribution and assembly of CHC must be seen to be assessing both of these
possibilities. Therefore, the sum of these two processes must equate to a positive ligand-
increase in CHC membrane recruitment and assembly.

What types of receptors can be found in the increased number of coated pits
brought about by TrkA activation? Will blockage of CHC-mediated endocytosis with
CHC hub expression, mutant dynamin expression, high sucrose, etc. prevent TrkA
endocytosis? Is caveolin involved in the process of TrkA endocytosis?

Though two new roles for TrkA have been found, and a possible new endocytosis
control point has been uncovered in the NGF and EGF-induced phosphorylation of CHC,
these studies have spawned more questions than they have answered. Future
investigations int§ questions such as those posed above will undoubtedly further

enlighten our understanding of endocytosis regulation.
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Figure 1. Clathrin is recruited to PC12 cell plasma membrane upon NGF
application.

The left column of panels shows confocal micrographs of clathrin (top row-green)
and plasma membrane (middle row-red) staining in the same PC12 cell, treated for 2
minutes at 37°C in the presence of 2 nM NGF. The right column of panels shows a
representative cell from the control experiment without NGF treatment. X22, a rabbit
polyclonal antibody specific for clathrin heavy chain (CHC), and an FITC-conjugated
goat-anti-rabbit secondary antibody were used to label clathrin distribution. The
lipophilic dye, Dil was used to mark plasma membrane. The lower row of panels shows a
double-channel image of both clathrin and plasma membrane where yellow marks
colocalized red and green signal. This lower row of panels shows that the distinct outer
boundary of clathrin staining observable in the NGF positive condition is located at the
cell surface.
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Figure 1

Clathrin Is Recruited To Membrane Upon
NGF Application and 2 Min. Warming, 37 degrees C.
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Figure 2. NGF-induced clathrin recruitment to plasma membrane (PM) in primed
PC12 cells.

Both panels show confocals of primed PC12 cells, washed of NGF, and
subsequently warmed in the absence (top) or presence (bottom) of 2 nM NGF. Staining
represents clathrin visualized using X22 (CHC) as primary antibody and a goat-anti-
rabbit FITC-conjugated secondary antibody. In cells treated with NGF, there is a marked
redistribution of clathrin from a diffuse cytosolic staining pattern to a distinct plasma
membrane pattern as seen in the lower panel.
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Figure 2

NGF-Induced Clathrin Recruitment
To PM In Primed PC12 Cells

No NGF
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Figure 3 & 4. Schwann Cells (p75-positive, TrkA-negative) do not show NGF-
induced membrane recruitment of clathrin.

Clathrin distribution is visualized as in Figs. 1 & 2. Cells treated with or without
NGF show no redistribution of clathrin staining to the plasma membrane.
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Figure 3

Schwann Cells (p75-positive, TrkA-negative) Do Not
Show NGF-Induced Membrane Recruitment of Clathrin

Schwann Cells (p75)
X22

1 min NGF
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Figure 4

Schwann Cells (p75-positive, TrkA-negative) Do Not
Show NGF-Induced Membrane Recruitment of Clathrin

No NGF

2 min NGF
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Figure 5. NGF-induced clathrin recruitment to the plasma membrane in D283 TrkA
cells.

Clathrin is visualized as in Figs. 1-4. The bottom panel shows D283 cells
(expressing TrkA but lacking p75) after 2 min of 2nM NGF application at 37°C. The
arrow points to an example of the distinct line of clathrin staining at the plasma
membrane often seen in cells with this treatment. The top panel shows a cell treated in
the absence of NGF where there is lack of any well-defined cell border as marked by
clathrin staining.
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Figure §

NGF-Induced Clathrin Recruitment To
The Plasma Membrane in D283 TrkA Cells

No NGF
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Figure 6. TrkB activation induces clathrin recruitment to membranes.

Clathrin staining was obtained as in Figs 1-5. TrkB transfected 3T3 mouse
fibroblasts lacking p75 expression show increased plasma membrane-associated clathrin
with BDNF applications of 2, 10, and 60 minutes in 37°C.
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Figure 6

TrkB Activation Induces Clathrin Recruitment To
Membranes
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Figure 7. TrkB 3T3 fibroblasts redistribute AP2 to the plasma membrane with
ligand treatment (stained for o-adaptin).

o-Adaptin staining was visualized in TrkB 3T3 cells using the monoclonal
antibody specific to this endocytosis-specific adaptor protein, AP.6 (see methods). 2
minutes of BDNF application during warming redistributes a-adaptin staining from a
diffuse, cytosolic pattern to the plasma membrane (bottom panel). Since a-adaptin is a
member of the complex of subunits that constitute AP2, this is evidence that Trk kinase
activation redistributes AP2 to this location.
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TrkB 37T3 Cells Redistribute AP2 To The Plasma Figure 7
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Figure 8. NGF redistributes clathrin from unassembled to assembled fractions.

Here biochemical measurements of assembled and unassembled clathrin fractions
from PC12 cells before and after NGF application confirm our confocal findings and
support a ligand-induced increase in assembly. PC12 were incubated at 4°C for 1 hour in
the presence or absence of 2nM NGF as described in methods. Cells were then warmed
for 2 minutes at 37°C and quickly chilled to stop endocytosis. Unassembled and
assembled clathrin fractions were then harvested from each condition as described in
methods and subjected to SDS-PAGE after normalization for protein content. The gel
was transferred to nitrocellulose which was blotted for clathrin with a monoclonal
antibody specific to CHC (TD.1). The signal was visualized by HRP-conjugated anti-
mouse secondary and quantified using NIH Image.
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Figure 8

NGF Redistributes Clathrin From
Unassembled To Assembled Fractions.
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Figure 9. NGF redistributes clathrin from unassembled to assembled fractions.
Band intensity quantification.

The graph shows the amount of redistribution in a representative experiment
performed exactly as described in Fig. 8. The height of each bar represents the percent of
clathrin in that fraction relative to the total (unassembled plus assembled) clathrin signal
in each experimental condition. Results are representative of n=4 experiments with an
average NGF-induced increase of unassembled CHC equal to 256% + 90% (S.E.).
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Figure 10. Cell-surface biotinylated MHC class I molecule is not significantly altered
by NGF treatment.

This figure supports previously published data (Connolly, 1983) that NGF does
not induce significant plasma membrane surface area changes at 2 minutes of NGF
application. MHC Class I molecule cell surface content was measured by biotinylation as
described in methods. Results averaged from three experiments fail to show a significant
difference in this marker of plasma membrane area.
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Figure 11. NGF dose-response curve of clathrin assembly after 2 minutes warming.

Low concentrations of NGF can affect CHC redistribution, suggesting that high
affinity (TrkA mediated) binding supports this activity. KB PC12 cells were treated for 2
minutes, 37°C with 20pM, 200pM, 2nM, 20nM NGF, or vehicle as described in methods.
Assembled CHC fractions were obtained as in figure 8 and subjected to SDS-PAGE,
blotted and probed for CHC as described in methods. The bar graph represents the
increase of assembled CHC after NGF application as a percent of total (assembled plus
unassembled fractions).
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Figure 11: NGF Redistribution Dose-Response
Curve of CHC Assembly After 2 Minutes Warming
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Figure 12. NGF time course; TrkA signaling is sufficient to initiate clathrin
assembly in 3T3 fibroblasts.

The figure shows the ability of TrkA alone to allow for NGF-induced CHC
assembly. TrkA transfected 3T3 cells were treated with NGF as described in methods and
were either kept at 4°C or warmed to 37°C for 1, 2, and 10 minutes. Cells not treated with
NGEF and either kept at 4°C or warmed to 37°C for 2 minutes were used as controls. All
cells were chilled to 4°C after treatment and processed to obtain assembled and monomer
CHC fractions as described above and in methods. These fractions were assessed for their
relative concentrations of CHC by quantifying gel band intensities as described above.
The bottom panel shows the resulting blot probed with the anti-CHC antibody TD1.
Assembled and unassembled CHC fractions from the 0, 1,2, and 10 minute + NGF time-
points and assembled and unassembled NGF-minus controls for the 0 and 2 minute time-
points are shown. The top panel shows a graph of the NIH-Image gel band intensity
quantification and demonstrates the following NGF-induced increases in assembled CHC
concentrations at the following timepoints relative to 0 minutes warming; 1 minute
~70%, 2 minutes ~40%, 10 minutes ~40%. The graph also shows a corresponding and
NGF-induced decrease in CHC concentrations of unassembled fractions over 10 minutes
of warming. The NGF-minus control shows a decrease in assembled CHC of ~10% at the
2 minute warming timepoint.
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Figure 12
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Figure 13. NGF-induced clathrin redistribution in PC12 nnRS TrkA cells is
inhibited by TrkA mutants. Confocal micrographs.

PC12 nnRS transfected with either wild type TrkA (top row of panels), or the
kinase domain mutants TrkA M1 or TrkA 22.7 (middle and bottom row of panels) were
grown on chamberslides and treated with NGF (right column of panels) or without NGF
(left column of panels) for 2 minutes as described in methods. All cells had endogenous
levels of p75. Cells were fixed and stained with the CHC specific antibody X22 as
described. The wild type TrkA cells (top row of panels) shows an NGF-induced increase
in the distinctiveness of plasma membrane as seen by clathrin staining (small arrows).
Untreated cells do not show a distinctive plasma membrane border by this staining (large
arrowheads). TrkA kinase domain mutants fail to show such an increase in plasma
membrane-associated clathrin with NGF treatment.
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Figure 13

NGF-Induced Clathrin Redistribution In PC12 nnRS5 TrkA
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Figure 14. The NGF-induced clathrin plasma membrane recruitment seen in
PC12nnRS cells is blocked by TrkA mutants. Band intensity bar graph.

PC12 nnRS transfected with either wild type TrkA, or the TrkA mutants TrkA M1
or TrkA 22.7 were treated with NGF as above and warmed for 2 minutes at 37°C. All
cells had endogenous levels of p75. Cells were then chilled, lysed and processed as
described in methods to produce membrane fractions. Lysates were equalized for protein
content and were blotted onto nitrocellulose and probed for CHC with the monoclonal
antibody,TD1. Band intensities were quantified as above using the ECL system and NIH
Image. Membrane fractions from wild type TrkA transfected cells showed a greater than
10% increase in CHC content with NGF, while the M1 and 22.7 kinase domain mutants
showed a ~25% and ~4% decrease in CHC concentration (n=2).
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Figure 15. NGF-Induced increase in CHC phosphorylation in KB PC12 cells is
absent in p75-positive Schwann cells lacking TrkA.

KB PC12 cells expressing endogenous levels of TrkA and p75, and Schwann cells
(p75 only), were treated with or without NGF for 2 minutes at 37°C as described in
methods. Cells were chilled, lysed, equalized for protein content, and immunoprecipitated
with the CHC-specific antibody X22. Immunoprecipitates were split into two aliquots,
both of which were subjected to PAGE and blotted to nitrocellulose. One set of aliquots,
after western blotting, was probed for phosphotyrosine with the antibody 4G10 (top left
panel) while the other set of aliquots was blotted for CHC with TD1 (top right panel).
Signals were visualized by ECL as described and quantified with NIH-Image. Values for
the phosphotyrosine signals were divided by values for CHC signals in each condition to
give phosphorylation comparisons further normalization for CHC content. Quantification
results are graphed in the lower panel and show a ~68% NGF-induced increase in CHC
tyrosine phosphorylation in PC12 cells while Schwann cells show an 8% NGF-induced
decrease in CHC phosphorylation.
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Figure 15: NGF Increases CHC Tyrosine
Phosphorylation of PC12 Cells
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Figure 16. The NGF-induced CHC phosphorylation increase in PC12 nnRS TrkA
cells is inhibited by TrkA kinase domain mutants.

PC12 nnRS cells transfected with either wild type TrkA or the TrkA kinase
domain mutant 22.7 were treated with or without NGF and the specific SRC kinase
inhibitor, PP1, at 4°C or 37°C for 10 minutes as described. Cells were chilled, lysed,
equalized for protein content and immunoprecipitated with the CHC-specific antibody,
X22, and subjected to PAGE. Blots were probed with the anti-phosphotyrosine antibody,
4G10. Signals were visualized by ECL and quantified by NIH-Image. The top panel
shows a graphed representation of the increase in CHC phosphorylation from the 4°C, no
NGF condition in wild type TrkA nnR5 PCI12 cells. Here, NGF application alone,
without warming caused a ~85% increase in CHC phosphorylation and NGF coupled
with warming increased phosphorylation over 200% (top blot). This phosphorylation
increase was held to less than 40% by the specific SRC kinase inhibitor PP1. In contrast,
TrkA 22.7 kinase mutant CHC phosphorylation remained relatively constant or decreased
with 4°C NGF or 37°C NGF treatment, respectively (bottom blot and bottom graph).
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Figure 17. TrkA and CHC tyrosine phosphorylation is greatly reduced in cells
expressing TrkA kinase domain mutants.

PC12 nnRS transfected with either wild type TrkA or the TrkA mutants TrkA M1
or TrkA 22.7 were treated with NGF or without NGF for 10 minutes, 37°C as described
in methods. Lysates were immunoprecipitated with an anti-phosphotyrosine antibody
(UBI), subjected to PAGE, and the resulting western blot was probed sequentially for
TrkA (top blot) and CHC (bottom blot). The measured band intensities, graphed in the
center panel, show that NGF increases TrkA phosphorylation in wild type TrkA cells
while TrkA phosphorylation with or without NGF is greatly reduced in mutant cell lines
(light bar graphs and top blot). CHC phosphorylation doubles in the presence of NGF in
the TrkA wild type cells while the mutant lines show little base line phosphorylation and
no NGF induced increase (dark bar graphs and bottom panel).
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Figure 17

TrkA and CHC Tyrosine Phosphorylation Is Greatly Reduced
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Figure 18. NGF timecourse of Trk/ clathrin /o-adaptin association.

KB PC12 cells were left untreated or were given NGF for 1, 2, 5, 15, or 60
minutes at 37°C, lysed, and immunoprecipitated for TrkA. After PAGE and transfer, the
resulting blot was successively probed for CHC (TD1, top blot), phosphotyrosine (4G10,
middle blot, arrow), and a-adaptin (ACIM11, bottom blot, arrow). The gel band
intensities are graphed in the lower panel. A significant background of CHC-TrkA and -
adaptin-TrkA binding is observed, but a rapid increase in these associations is seen at 1
minute NGF treatment (20% and 60% respectively). The large band in the anti-
phosphotyrosine blot (middle blot) represents phospho-TrkA and can be seen to increase
dramatically at 1 and 2 minutes of NGF treatment, trailing off over 60 minutes. The
phospho-CHC timecourse (middle blot, arrow and striped bar graph in lower panel)
correlates with the phospho-TrkA increase.
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Figure 18
NGF Timecourse; Trk Association with CHC, Phosphorylated
CHC, and Adaptin Increases With NGF
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Figure 19. A NGF-induced increase in clathrin and TrkA association is blocked in
TrkA kinase domain mutants.

KB PC12 cells and PC12 nnRS5 re-transfected with either wild type TrkA or the
kinase domain mutant TrkA 22.7 were treated with or without NGF for 2 minutes, 37°C
as described in methods. Lysates were immunoprecipitated for TrkA, subjected to PAGE,
and the resulting western blot was probed for CHC (TD1). The measured band intensities
graphed in the bottom panel show that NGF increases TrkA-CHC association from the
no-NGF conditions in wild type TrkA but not in the TrkA kinase domain mutant 22.7.
The mutants have a higher background of TrkA-CHC association without NGF, but with
NGF this association does not increase. The bar graphs express the percent change of
TrkA-CHC association from the no-NGF condition to the 2 minute NGF treatment
condition.
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Figure 19

Clathrin and Trk Association Increases After
NGF Application
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Figure 20. A NGF-induced increase in 0-Adaptin and TrkA association is blocked in

TrkA kinase domain mutants.

KB PC12 cells and PC12 nnRS re-transfected with either wild type TrkA or the
kinase domain mutant TrkA 22.7 were treated with or without NGF for 2 minutes, 37°C
as described in methods. Lysates were immunoprecipitated for TrkA, subjected to PAGE,
and the resulting western blot was probed for a-adaptin. The measured band intensities
graphed in the bottom panel show that NGF increases TrkA-o-adaptin association from
the no-NGF conditions in wild type TrkA but not in the TrkA kinase domain mutant 22.7.
The mutants have a higher background of TrkA-o-adaptin association without NGF, but
with NGF this association does not increase. The bar graphs express the percent change
of TrkA-o-adaptin association from the no-NGF condition to the 2 minute NGF

treatment condition.
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TrkA and Alpha Adaptin Association Figure 20
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Figure 21. pp60*™ and TrkA associate in PC12 cells upon NGF application.

KB PC12 cells were treated with or without NGF for 2 minutes, 37°C as
described in methods. Lysates were immunoprecipitated for TrkA, subjected to SDS-
PAGE, and the resulting western blot was probed for pp60°™ (blot in top panel, arrow).
The band just below pp60°™ is the antibody used for immunoprecipitation. The measured
band intensities graphed in the bottom panel show that NGF increases TrkA- pp60°*
dramatically.
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Figure 21

c-Src/Trk Association in NGF Treated PC12 Cells
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Figure 22. A model for active TrkA’s role as a signaling scaffold for key endocytosis
proteins.

This model shows some key players in coated pit endocytosis and their
approximate locations in the forming pit. Dynamin has been shown to be located at the
necks of coated pits. This thesis provides data that places TrkA in such pits with NGF-
induced AP2, clathrin, and associations.
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Figure 22
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Figure 23. A model for active TrkA’s role as a signaling scaffold for key endocytosis
proteins.

The data provided above may be used to construct a model where TrkA activation
causes the coalescence of AP2, clathrin, and pp60°* around the c-terminus of the
receptor. pp60°* has previously been localized to endosomes and plasma membrane but
our data suggest a more specific localization to activated receptor tails. In this model,
activated pp60° would be brought into close proximity to clathrin allowing for the
tyrosine phosphorylation of CHC, thus enhancing triskelion aggregation and receptor
endocytosis.
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Figure 23

A Model For Active TrkA's Role As A Signaling Scaffold For
Key Endocytosis Proteins

1. NGF binds two TrkA receptors leading to receptor kinase activation.

2. As a result of TrkA's signaling and C-terminus conformational
changes, AP-2 and SRC are recruited to TrkA.

3. SRC phosphorylates the clathrin heavy chain recruited to TrkA.

4. Clathrin heavy chain assembly is enhanced by this phosphorylation,
promoting TrkA's endocytosis.
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Appendix

EGF activation of SRC family kinases is required for ligand-gated
endocytosis and induces phosphorylation and plasma membrane

recruitment of clathrin

Andrew Wilde, Eric Beattie, Lawrence Lem, William Mobley,
and Frances M. Brodsky
Summary
Epidermal growth factor (EGF) binding to A431 cells causes rapid
phosphorylation of the clathrin heavy chain in the domain controlling clathrin self-
assembly, at tyrosine 1477 within a SRC family kinase target sequence. Clathrin
phosphorylation parallels its redistribution to the plasma membrane, in response to EGF
binding, and is the product of downstream SRC family kinase activity stimulated by
activation of the EGF receptor (EGF-R) tyrosine kinase. A specific SRC family kinase
inhibitor prevents both clathrin phosphorylation and recruitment to the plasma
membrane, indicating that the two processes are linked. These results demonstrate a role
for SRC family kinases in activation and recruitment of clathrin during ligand-gated
EGF-R endocytosis and thereby defines a novel effector mechanism for regulation of

endocytosis by receptor signaling.
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