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echo echo-planar imaging (GE-EPI) was used; field of
view (FOV) = 128 X 128 mm, repetition time
(TR) = 750 ms, echo time (TE) = 18.4 or 20 ms, flip
angle = 64 degrees, matrix = 64 X 64, slice thick-
ness = 2 mm, interslice gap = 0.5 mm, 9 transverse
slices]. Image distortions from the susceptibility arti-
fact were negligible, and the EPl-images overlapped
faithfully with the reference images (Fig. 2D). Func-
tional images were first realigned, spatially normal-
ized to a template with interpolationtoa 1 X 1 X 1
mm space and then smoothed with a Gaussian kernel
[full width at half maximum (FWHM) 4 mm). The
template was made from 3D-structural images of
one monkey's whole brain (24) and was arranged in
bicommissural space (76). The origin was placed at
the anterior commissure. In separate sessions, high-
resolution 3D-anatomical scans of monkeys were
obtained using both the 3D-gradient-echo sequence
(voxel = 1 X 1 X 1 mm) and the 3D-MDEFT (mod-
ified driven equilibrium Fourier transform) sequence
(voxel = 0.5 X 0.5 X 0.5 mm).

24. ). Ashburner, K. J. Friston, Neurolmage 6, 209 (1997).

25. Data were analyzed using the general linear model for
event-related designs in SPM99 (http://www filion.u-
clac.uk/spm/). Transient events during dimensional
changes were coded using the hemodynamic response
function implemented in SPM 99. The onset of each
hemodynamic response function was aligned at the
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onsets of the incorrect feedback stimuli just before the
completion of each shifting (Fig. 1C). Error trials were
coded independently. In monkey experiments, statisti-
cal results are based on a single-voxel threshold of P <
0.05, corrected for multiple comparisons across the
brain volume examined. In human experiments, a ran-
dom effect model was used for estimating the data, and
we assessed statistical significance at the threshold of
19 or more contiguous significant voxels above the P <
0.001 (uncorrected) (29).

26. Supplementary materials of Tables 1 and 2 are avail-
able on Science Online at www.sciencemag.org/cgi/
content/full/295/5559/1532/DC1

27. K. J. Friston, A. P. Holmes, K. J. Worsley, Neuro/mage
10, 1 (1999).

28. In human experiments, informed consent was ob-
tained from ten healthy right-handed subjects. They
were scanned using experimental procedures ap-
proved by the institutional review board of the Uni-
versity of Tokyo School of Medicine. Functional MRI
scans were performed on the same 1.5 T scanner as
in the monkey experiments with single-shot GE-EPI
(FOV = 256 X 256 mm, TR = 4 s, TE = 50 ms, flip
angle = 90 degrees, matrix = 64 X 64, slice thick-
ness = 4 mm, 28 transverse slices). Functional im-
ages were realigned, spatially normalized to a tem-
plate with interpolation to a 2 X 2 X 2 mm space,
and smoothed with a Gaussian kernel (FWHM 8 mm).

Retrograde Support of Neuronal
Survival Without Retrograde
Transport of Nerve Growth

Factor

Bronwyn L. Maclnnis and Robert B. Campenot*

Application of nerve growth factor (NGF) covalently cross-linked to beads
increased the phosphorylation of TrkA and Akt, but not of mitogen-activated
protein kinase, in cultured rat sympathetic neurons. NGF beads or iodine-125-
labeled NGF beads supplied to distal axons resulted in the survival of over 80%
of the neurons for 30 hours, with little or no retrograde transport of iodine-
125-labeled NGF; whereas application of free iodine-125-labeled NGF (0.5
nanograms per milliliter) produced 20-fold more retrograde transport, but only
29% of the neurons survived. Thus, in contrast to widely accepted theory, a
neuronal survival signal can reach the cell bodies unaccompanied by the NGF

that initiated it.

The literatures of neuronal development, neu-
rotrauma, degenerative neurological disease,
and neuronal regeneration are pervaded by
the concept that the survival and function of
neurons depend on retrograde transport of
neurotrophic factors released from the target
cells that they innervate. This idea began with
the discovery that nerve growth factor (NGF)
is retrogradely transported from axon termi-
nals to neuronal cell bodies (/7). The cur-
rent theory, that NGF complexed with its
receptor, TrkA, is endocytosed, trafficked to
signaling endosomes (8, 9), and retrogradely
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transported to the cell bodies, has been sup-
ported by results of studies with compart-
mented cultures (10—14). However, Senger
and Campenot (15) observed retrograde phos-
phorylation of TrkA and other proteins oc-
curring 1 to 15 min after NGF application,
preceding the arrival of detectable '>°I-NGF
by at least 30 min.

We examined this issue using NGF co-
valently cross-linked to beads to prevent in-
ternalization (/6). Mass cultures of rat sym-
pathetic neurons (/7) that had been deprived
of NGF (/8) displayed a similar level of
phosphorylation of TrkA (/9) after 1 hour of
application of free NGF (50 ng/ml) or NGF
beads (50 pl/ml) (Fig. 1A). NGF and NGF
beads also induced the phosphorylation of
Akt (Fig. 1B), the latter suggesting that phos-
phorylated TrkA (pTrkA) at the plasma
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membrane can activate phosphatidylinositol
3-kinase (PI 3-kinase). In contrast, little mi-
togen-activated protein kinase (MAPK) phos-
phorylation was observed in response to NGF
beads (Fig. 1B), suggesting that internaliza-
tion of pTrkA is necessary for the activation
of MAPK. This result is consistent with re-
ports that the blockage of endocytosis of
TrkA, by means of pharmacological inhibi-
tors or dominant-negative dynamin, inhibits
NGF-induced MAPK phosphorylation in dor-
sal root ganglion neurons (20) and PC12 cells
(20-22). Thus, the lack of NGF-induced
MAPK phosphorylation that we observed
suggests that neither NGF nor TrkA is inter-
nalized when NGF is presented in bead-
linked form.

To determine whether NGF beads can pro-
duce retrograde signals, distal axons of sympa-
thetic neurons in NGF-deprived compartment-
ed cultures (17, 18) received different NGF
treatments for 30 hours, and neuronal survival
was assayed (23). Treatment with NGF beads
resulted in 81% neuronal survival (Fig. 2, A and
B), which approaches the survival in cultures
given free NGF (50 ng/ml) (95%) and is almost
four times the survival of cultures given no
NGF (22%). Control beads to which NGF was
not covalently cross-linked did not support sur-
vival (Fig. 2B). Retrograde survival could con-
ceivably have been achieved by the release of
NGF from the beads into the culture medium,
followed by internalization and retrograde
transport. However, supernatant media from
NGF beads that had supported 30 hours of
retrograde survival of one set of cultures (Fig.
2C, solid bars) failed to support survival of a
second set of cultures (Fig. 2C, hatched bars),
whereas free NGF from the first set again sup-
ported the survival of a second set. Supernatant
media from NGF beads that were preincubated
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for 30 hours without neurons present also failed
to support neuronal survival (Fig. 2C; open
bars), ruling out the possibility that NGF re-
leased from the beads may have been depleted
from the medium by retrograde transport.

To directly assess possible retrograde
transport of NGF from beads, we compared
the retrograde transport of !2°I originating
from a range of concentrations of free 12°I-
NGF with transport from bead-linked !2°1-
NGF (50 wl/ml) (24). Iodination did not af-
fect the ability of free NGF or bead-linked
NGF to induce TrkA phosphorylation (Fig.
3A). Because 90% of the '] transported to
the cell bodies over 30 hours had been re-
leased into the center compartment medium
(7, 15), we assessed retrograde transport by
gamma counts of the center compartment
medium and assayed the survival of the same
neurons by Hoechst staining (23). Provision
of 125I-NGF beads to distal axons supported
the survival, on average, of 84% of the neu-
rons, whereas retrograde transport by these
neurons was barely detected at 0.57 pg of
NGF per culture (Fig. 3B). Cultures given 50
ng/ml of free '2’I-NGF displayed 96% sur-
vival associated with transport of over 1000-
fold more NGF (657 pg per culture), and even
cultures given 0.5 ng/ml of free !25I-NGF,
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Fig. 1. Phosphorylation of TrkA, Akt, and MAPK
in response to NGF and NGF beads. Mass cul-
tures (77) were deprived of NGF (78) and in-
cubated for 1 hour with medium lacking NGF,
medium containing free NGF, or NGF beads at
the concentrations indicated. Cell extracts were
analyzed by immunoblot (79). All lanes are
from the same PVDF membrane. Blots are rep-
resentative of three experiments with similar
results. (A) Proteins >100 kD were probed with
antibody to phosphotyrosine (pTyr), stripped,
reprobed with antibody to phosphoTrkA Y490
(pTrkA), stripped, and reprobed with antibody
to TrkA (TrkA). (B) Proteins <100 kD were
probed with antibody to phosphoAkt (pAkt),
reprobed with antibody to phosphoMAPK
(PMAPK), stripped, and reprobed with antibody
to p44 MAPK (MAPK).
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which displayed only 29% survival, trans-
ported over 20-fold more NGF (12 pg per
culture). The high-performance liquid chro-
matography (HPLC)—purified '25I-NGF was
more than 97% pure iodinated species (24).
Therefore, the possibility that unlabeled NGF
was present, selectively released from the
beads, and retrogradely transported, resulting
in neuronal survival, can be ruled out. Thus,
by providing NGF in bead-linked form, we
have supported neuronal survival while vir-
tually eliminating the retrograde transport of
NGF observed when survival is supported by
free NGF.

Because NGF beads activate Akt, pre-
sumably via PI 3-kinase, we investigated
whether blockage of PI 3-kinase activity

“with 50 pM LY294002 (LY) (25) could

block retrograde survival signaling from
NGF and NGF beads. In cultures given
NGF in all compartments, LY applied to

Fig. 2. NGF beads sup-

port retrograde survival

of sympathetic neurons.

Compartmented cultures

were deprived of NGF p
(78), and distal axons
(DAx) were given the in-
dicated treatments for 30
hours while cell bodies/
proximal axons (CB/PAXx)
were exposed to antibody
to NGF. Then the nuclei
were  stained  with
Hoechst DNA stain to as-
sess neuronal survival
(23). (A) Confocal micro-
graphs of representative
neurons treated with no
NGF, free NGF (50 ng/
ml), and NGF beads (50
pl/ml). (B) A minimum of
1000 neurons were cate-
gorized per treatment 209
group as surviving (dif- 4
fusely labeled DNA) or 0
dying/dead (condensed
fragmented DNA or unla-

no NGF

DAXx:

100+

80+

60+

404

% Survival

distal axons blocked NGF-induced Akt phos-
phorylation in the distal axons without ef-
fect on Akt phosphorylation in the cell
bodies/proximal axons and vice versa as
previously shown (/4), indicating that LY
can be used to locally block PI 3-kinase.
NGF-deprived cultures displayed 40% sur-
vival, whereas provision of free NGF to
distal axons increased survival to 99%, giv-
ing a free NGF—induced survival compo-
nent of 59% of the population of neurons
(Fig. 4). When LY was applied to cell
bodies/proximal axons, the NGF-induced
survival component was only 6%; but when
LY was applied to distal axons, little inhi-
bition was observed, with 47% NGF-in-
duced survival. These results are consistent
with a previous report (/4). Provision of
NGF beads to distal axons resulted in total
survival of 79% of the neurons, giving an
NGF bead—induced survival component of
DAx

_CB/PAX _ DAXx

- — <

Treatment anti-NGF Treatment

NGF NGF beads

DAx:no NGF NGF NGF -EDAC +EDAC

beads +NGF -NGF
control beads

beled). The percentage of

live neurons in each 100+

treatment group (+SEM,

n = 3 cultures) is plotted.  — 801

The two bead control = gl

groups were given NGF £ ’—'l'—
beads (50 pl/ml) pre- @ 40- T

pared without EDAC &

cross-linking or beads (50 204

pl/ml) cross-linked with- o4 ;

out NGF present (716). Re-  ppy:ng NGFNGF NGF noNGF ~ NGF  NGF beads
sults are representative beads supernatant
of three experiments. (C) Stage 1 Stage 2

Stage 1: Distal axons of
NGF-deprived  cultures

were treated for 30 hours with no NGF, free NGF, or NGF beads as in (B), and neuronal survival was
determined (black bars). Concurrently, aliquots of these media were incubated in dishes under
culturing conditions, but without neurons present. Stage 2: media from the distal axons of all
groups were collected at the end of stage 1, beads were removed from the NGF-bead medium by
centrifugation, and these media were used to treat distal axons of NGF-deprived neurons for 30
hours in a second set of cultures (gray bars). The supernatants from aliquots incubated without
neurons during stage 1 were also tested (white bars). Data are combined from two experiments

(n = 6 cultures * SEM).
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Fig. 3. Relationship between NGF retrograde transport and neuronal survival for free NGF and NGF
beads. (A) The ability of 2°I-NGF beads (50 wl/ml), '2°I-NGF (50 ng/ml), and unlabeled NGF (50
ng/ml) to induce tyrosine phosphorylation of TrkA in NGF-deprived mass cultures was tested as
described in Fig. 1. (B) NGF-deprived neurons in compartmented cultures (78) were provided with
the indicated concentrations of free 125I-NGF or '2°I-NGF beads (50 w.l/ml) applied to distal axons
(DAx) for 30 hours. Then medium bathing the cell bodies/proximal axons was collected, and
transported radioactivity was determined (24). Neuronal survival was determined in the same
cultures by examination of Hoechst-stained nuclei of at least 250 neurons per culture (23). The
percent survival is plotted against transported '25I-NGF for each individual culture (three or four

per group) from three experiments.

% Survival
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Fig. 4. Effects of LY294002 (LY) on retrograde
survival supported by NGF and NGF beads.
Compartmented cultures were deprived of NGF
(78), and distal axons were given no NGF, NGF
(50 ng/ml), or NGF beads (50 pl/ml) for 30
hours. Concurrently, the cell bodies/proximal
axons (CB/PAx) or distal axons (DAx). were
given 50 wM LY as indicated. Then the neuronal
survival of at least 250 neurons per culture was
assayed as in Fig. 2 (23). The percentage of live
neurons in two replicate experiments is plotted
(*SEM, n = 6 cultures). LY from Sigma was
made as a 50 mM stock in dimethylsulfoxide.
All compartments not given LY received equiv-
alent dimethylsulfoxide, which was 0.1% of
culture medium.

39%. Application of LY to cell bodies/
proximal axons reduced this to 8%, similar
to the inhibition of free NGF—induced sur-
vival. However, application of LY to the
distal axons inhibited the survival induced
by NGF beads by about half, to 20%
(paired sample ¢ test, P < 0.002). This
suggests that PI 3-kinase activity in the
distal axons may be more important in
generating retrograde signals from NGF
beads, possibly because this pathway can
be activated without internalization, where-
as other survival pathways may require in-
ternalization.

What possible mechanisms of retrograde
signaling are consistent with our results? Be-

cause 50% of sympathetic neurons commit to
apoptosis after 18 hours of NGF deprivation
(26), and the survival signal must travel at
least 1.5 mm to reach the cell bodies, diffu-
sion of proteins 15 kD or larger is ruled out
(27). Another possibility is that phosphoryl-
ation of TrkA bound to NGF beads propagat-
ed to neighboring unbound TrkA at the plas-
ma membrane, as observed for EGF activa-
tion of ErbBl receptors (28). Serial TrkA
phosphorylation could conceivably propagate
along the proximal axons to the cell bodies,
as suggested by Senger and Campenot (15).
Also, NGF beads could induce the internal-
ization and retrograde transport of pTrkA in
the absence of the NGF that initiated it, al-
though it is unclear how TrkA would remain
phosphorylated. Transport of activated down-
stream signaling molecules (29) and ionic
propagation mechanisms involving release of
calcium into the cytosol (/5) have also been
suggested. Our results raise the possibility
that retrograde transport of NGF may not be
required for any mechanism of retrograde
signaling, but other studies present evidence
that neurotrophin transport is required (10—
14). Although we find this evidence incon-
clusive (30), different mechanisms of retro-
grade signaling are not mutually exclusive.
Perhaps propagated signals operate early in
neuronal development and/or during axonal
regeneration after injury. At these times, axon
terminals consist of a few growth cones, and
the neurotrophic factors they encounter may
have to produce amplified signals to be ef-
fective. There are many speculative scenari-
os, but clearly the assumption of over 25
years that retrograde transport of NGF (and
all other neurotrophic factors) is the only way
that retrograde signals can reach the cell bod-
ies needs continued reexamination.
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T Cell Receptor Signaling
Precedes Immunological
Synapse Formation

Kyeong-Hee Lee,' Amy D. Holdorf," Michael L. Dustin,?
Andrew C. Chan,? Paul M. Allen,’ Andrey S. Shaw'*

The area of contact between a T cell and an antigen-presenting cell (APC) is
known as the immunological synapse. Although its exact function is unknown,
one model suggests that it allows for T cell receptor (TCR) clustering and for
sustained signaling in T cells for many hours. Here we demonstrate that
TCR-mediated tyrosine kinase signaling in naive T cells occurred primarily at the
periphery of the synapse and was largely abated before mature immunological
synapses had formed. These data suggest that many hours of TCR signaling are
not required for T cell activation. These observations challenge current ideas
about the role of immunological synapses in T cell activation.

The biochemical pathways that are stimulated
by TCR engagement are well characterized,
but little is known about how T cell interac-
tions with the APC actually initiate signaling
by the TCR. The immunological synapse hy-
pothesis proposes that membrane protein re-
organization at the T cell-APC contact sur-
face serves to generate a structure, the immu-
nological synapse, which facilitates TCR sig-
naling by concentrating both TCRs and
antigenic major histocompatibility complex
(MHC)—peptide complexes as well as lipid
rafts in the center of the contact [reviewed in
(1, 2)]. The stability of this structure can
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explain how TCR engagement can be sus-
tained for long periods of time (3).

The immunological synapse was first de-
scribed as having two discrete zones by using
high-resolution immunofluorescence imaging
of T cell-APC conjugates (4). The central zone,
the ¢c-SMAC, contains the TCR and surface
accessory molecules such as CD4, CD2, and
CD28 (3). Surrounding the central zone is a
second zone, the p-SMAC, which is enriched
for the integrin, LFA-1. Real-time imaging with
T cells plated on planar membranes shows that
synapse formation occurs with TCRs first en-
gaged by MHC peptide in the periphery of the
synapse followed by recruitment of such com-
plexes to the center of the synapse. To date,
however, the initial engagement of the TCR in
the periphery of the contact has not been visu-
alized in immunological synapses formed with
APCs (2). We wished, therefore, to determine
where TCR-MHC engagement first occurs dur-
ing authentic synapse formation and to compare
it with known T cell signal transduction events.

Freshly isolated naive T cells were im-
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aged to most closely mimic conditions in
vivo. We also reasoned that the higher thresh-
old for activation of naive T cells might result
in slower immunological synapse formation.
Naive T cells were purified from AND TCR
transgenic mice that recognize a moth cyto-
chrome c¢ peptide (residues 88 to 103) pre-
sented by I-EX (5). Freshly isolated T and B
cell-depleted splenocytes were used as
APCs. Conjugate formation was initiated by
centrifuging together T cells and APCs,
which had been preincubated with antigenic
peptide (6). After various times, cells were
fixed and then immunostained for TCR and
LFA-1 (6). At the earliest time points (2
through 15 min), we noted that the majority
of LFA-1 molecules were recruited to the
center of the contact area, whereas TCRs
were concentrated at the periphery of the
synapse (Fig. 1A). Between 15 and 30 min,
this pattern reversed, with TCRs now visible
in the center of the contact surrounded by an
external ring of LFA-1 (Fig. 1A). By 60 min,
TCRs in the synapse were not detectable even
though LFA-1 was still concentrated in the
synapse. Computer reconstructions of the
synapse (from serial confocal images along
the z axis) confirmed the peripheral localiza-
tion of the TCR at early time points (15 min),
referred to as an immature immunological
synapse, and the central localization of the
TCR at later time points (30 min), referred to
as a mature immunological synapse (Fig.
1B). Immature synapses were also detected
with T cell blasts, but synapse maturation
occurred much more rapidly (within 1 to 3
min) and the magnitude of TCR down-regu-
lation was much less (7).

To relate the events in the formation of the
immature and mature immunological synapse
to TCR-mediated signaling, we used phos-
pho-specific antibodies that recognize the ac-
tivated forms of two key TCR-regulated cy-
toplasmic tyrosine kinases, Lck and ZAP-70.
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