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Selective Activation of NF-xB by Nerve Growth
Factor Through the Neurotrophin Receptor p75
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Nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), and neurotrophin-3
(NT-3) selectively bind to distinct members of the Trk family of tyrosine kinase receptors,
but all three bind with similar affinities to the neurotrophin receptor p75 (p75N"R). The
biological significance of neurotrophin binding to p75N™® in cells that also express Trk
receptors has been difficult to ascertain. In the absence of TrkA, NGF binding to p75N™?
activated the transcription factor nuclear factor kappa B (NF-«B) in rat Schwann cells. This
activation was not observed in Schwann cells isolated from mice that lacked p75NTR. The
effect was selective for NGF; NF-«B was not activated by BDNF or NT-3.

T'he best established role for neurotrophins,
which include NGF, BDNF, NT-3, NT-4/5,
and NT-6, is their ability to support the
survival and differentiation of neurons.
Three tyrosine kinase receptors, referred to
as theTrks, are critically involved in mediat-
ing these effects (1). However, the neurotro-
phins also interact with another receptor
whose function has not been clearly estab-
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lished, p75N™. The Trks exhibit high selec-
tivity for their cognate ligands (TtkA for
NGF, TrkB for BDNF and NT-4/5, and
TrkC for NT-3), whereas p75N™ binds to
all neurotrophins with similar affinity but
with different kinetics (2). The Trks produce
their effects through activation of well-de-
scribed signaling pathways, including Ras—
mitogen-activated protein kinase, phospho-
lipase C—y, and phosphoinositol-3-OH ki-
nase (3). On the other hand, the transduc-
tion mechanisms of p75N™® remain largely
unknown. Several reports suggest that
p75NTR interacts with TrkA to form a high-
affinity binding site (4) and to regulate TrkA
signaling (5). However, evidence has also
been presented that suggests that p75™ ™ has
an independent function, such as the regu-
lation of apoptosis (6) or the migration of
Schwann cells (7). The underlying transduc-
tion mechanisms have yet to be determined.
Recently, neurotrophin binding to p75N™R
was shown to activate the spingomyelinase



pathway in a glioma cell line and in trans-
fected NIH 3T3 cells to produce the lipid
messenger ceramide (8). This pathway is
used by a number of cytokine receptors, in-
cluding the tumor necrosis factor (TNF) re-
ceptor 1, which has sequence homology to
p75NTR and has been shown to be directly
involved in mediating cell death after TNF
binding (9). One of the downstream targets
activated by the TNF receptor 1 is the tran-
scription factor NF-kB, which, when acti-
vated by external stimuli, translocates to the
nucleus where it binds to DNA and regulates
gene transcription (10).

Because neurotrophins can activate cer-
amide production in transformed cells, we
decided to investigate whether neurotrophin
binding to p75NTR could activate NF-kB in
Schwann cells isolated from the rat sciatic
nerve. In the axotomized sciatic nerve there
is a marked up-regulation of p75NTR in
Schwann cells distal to the lesion (I11),
which suggests a potential involvement of
p75NTR in regeneration. We used a mono-
clonal antibody raised to an epitope on the
p65 subunit of NF-kB (also referred to as
RelA), which is normally inaccessible be-
cause of binding of the endogenous inhibitor
of NF-kB, IkB (10). The antigenic site is
exposed upon activation of the pathway
leading to degradation of the inhibitor, fol-
lowed by subsequent nuclear translocation.

Schwann cells prepared from the sciatic
nerve of postnatal day 2 (P2) rats were
cultured overnight, then treated with NGF
(100 ng/ml) for various periods of time,
fixed, and immunostained with the anti-
body to p65 (Fig. 1A). NGF promoted a
strong nuclear staining that could be seen
within 30 min and lasted at least 4 hours.
Because Schwann cells produce substantial
quantities of NGF-like material themselves,
it proved critical to culture them at low
density (corresponding to 4 X 10° to 8 X
10° cells on a plate 10 cm in diameter) in
order to avoid autoactivation.

p75NTR binds to NGF, BDNF, and NT-3
with similar affinity and all are capable of
activating the ceramide pathway in NIH
3T3 cells transfected with this receptor (12).
To determine if they could also all activate
NF-kB, each was added to the Schwann cell
cultures and the cells were stained for the
p65 subunit of NF-kB. Only NGF proved
capable of activating this transcription fac-
tor. Neither BDNF nor NT-3 showed any
stimulation (Fig. 1A). Because the NGF ef-
fect was specific despite the ability of the
other neurotrophins to bind to p75NTR, we
checked to see if the effects seen under our
conditions could be due to TrkA by perform-
ing reverse transcription and polymerase
chain reaction (PCR) on RNA isolated from
these cultures (13). No TrkA signal was
detectable in these cultures after 40 cycles of
amplification, confirming previous reports

indicating that these cells did not express
this tyrosine kinase receptor (14).

To further verify that p75N™R was mediat-
ing the effects of NGF, we repeated the ex-
periments using Schwann cells isolated from
the sciatic nerve of mice in which the gene
encoding p75NTR had been deleted (15). In
these cells, NGF did not induce NF-kB nu-
clear staining, which indicates that p75NTR is
necessary for activation (Fig. 1B).

In addition to nuclear translocation, ac-
tivation of NF-kB enables it to bind to spe-
cific DNA sequences. To demonstrate that
NGF-activated NF-kB was capable of bind-
ing to DNA, we performed electrophoretic

REPORTS

mobility shift assays (EMSAs) using a dou-
ble-stranded oligonucleotide containing an
NF-kB consensus sequence from the murine
k light-chain enhancer. The Schwann cells
were treated with the neurotrophins, and the
total cell extracts were tested for the ability
to bind the DNA. Cells treated for 1 to 2
hours showed a concentration dependence
that indicated half-maximal stimulation
with NGF at about 30 ng/ml (Fig. 2). This
concentration roughly corresponds to the
dissociation constant for NGF binding to
p75NTR as opposed to that observed in cells
expressing TtkA in addition to p75NTR (4).
Neither BDNF nor NT-3 was capable of
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Fig. 1. Nuclear transloca-
tion of NF-«B is stimulated
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by NGF but not by BDNF c
or NT-3 in Schwann cells.
(A) Cells were prepared
from P2 rat sciatic nerves
as described previously
(23) and plated at low den-
sity on chamber slides in
Dulbecco's modified Ea-
gle's medium with 10%
fetal bovine serum. They
were identified as Schwann
cells by staining with an an- DAPI
tibody raised against the
marker protein S100 (Sig-
ma) (77), cultured over-
night, and treated with re-
combinant  neurotrophin
(NGF, BDNF, or NT-3; 100
ng/ml) for 2 hours or not
treated (control). The cells
were fixed with methanol
and analyzed by indirect
immunofiuorescence witha

Anti-p65
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monoclonal antibody specific for the activated subunit of NF-kB, p65 (24) (upper panels). The same cells were
stained for nuclear DNA with 4,6-diamidino-2-phenylindole (DAPI) (middle panels) and the lower panels show
phase contrast images. (B) Schwann cells prepared from the sciatic nerve of P2 mice with the gene encoding
p75NTR deleted (15) were cultured overnight, treated with NGF (100 ng/mi), and fixed and stained as in (A).
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activating NF-kB.

Because neurotrophin  binding to
p75NTR results in the production of ceram-
ide (12), we tested whether this lipid sec-
ond messenger could also activate NF-kB.
Following a 1- to 2-hour exposure to 1 uM
C2-ceramide, NF-«B in Schwann cells was
activated, as evidenced by DNA binding of
cell extracts (Fig. 2).

The presence of neurotrophin-binding
proteins other than p75NTR in Schwann
cells, such as truncated TtkB and TrkC
(14), made it important to determine
whether p75NTR alone would be sufficient
to mediate the observed effects. Therefore,
we used mouse PCNA cells, which are L
cell derivatives that express this receptor
(16). The parental L cells do not bind
BDNF or NT-3 (2). NGF activated NF-xB
in these cells with a concentration depen-
dence similar to that observed in the
Schwann cells (Fig. 3A). The activation
occurred within 10 min and was maintained
for at least 5 hours (17). p75N™® was clearly
sufficient for mediation of these effects, be-
cause no activation of NF-kB by NGF was
observed in the parental L cells. As with
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Fig. 2. Neurotrophin effects on DNA binding activ-
ity of NF-xB in Schwann cells. Schwann cells cul-
tured ovemight were not treated (control) or were
treated for 1 hour with NGF (3, 10, 30, or 100
ng/ml), 1 pM ceramide, or BDNF or NT-3 (100
ng/ml), then lysed in 20 mM Hepes (pH 8.0), 0.35 M
NaCl, 20% glycerol, 1% NP-40, 1 mM MgCl,, 0.5
mM EDTA, 0.5 mM EGTA, 1 mM dithiothreitol, and
1 mM phenylmethylsulfonyl fluoride. The lysates
were incubated with a 32P-labeled oligonucleotide
corresponding to a sequence of the murine k light-
chain enhancer as described (25) for 30 min on ice.
The mixtures were then separated on a 4% nonde-
naturing acrylamide gel, which was then dried and
analyzed with a Fuiji Phosphoimager. The specific
band seen after NGF treatment could be eliminated
by competition with an unlabeled (unlab.) oligonu-
cleotide. The positions of immunoreactive com-
plexes (solid arrowheads) and the uncomplexed
DNA (open arrowhead) are indicated.
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Schwann cells, neurotrophin activation of
NF-kB in PCNA cells was specific for NGF,
as BDNF (Fig. 3B) and NT-3 (17) failed to
elicit a response. As a control, extracts were
prepared from PCNA cells after treatment
with the phorbol ester phorbol 12-myristate
13-acetate (PMA), which is known to ac-
tivate NF-kB in many cells (10) (Fig. 3B).

There are currently five DNA binding
proteins known that can potentially het-
erodimerize to form the transcription factor
NF-kB, the most common of which are the
p65 (or RelA) and p50 subunits (10). To
identify the subunits activated by NGF in
PCNA cells, we performed supershift assays
in which the cell lysates were preincubated
with specific antibodies to p65, c-Rel, and
p50. The antibodies shifted the band on the
EMSA, thus demonstrating that all three
proteins are present in the complexes acti-
vated by NGF in the PCNA cells (Fig. 3C).
Because of the difference in binding kinetics
between NGF and, in particular, BDNF to
p75NTR (2), we tested the possibility that
BDNF activation of NF-kB could require a
longer time to be detected. However, even
after 5 hours of BDNF treatment, no activity
over basal activity was detected. Another
possibility to account for the difference be-
tween NGF and the two other neurotrophins
could be the presence of other molecules
with which BDNF or NT-3 interacts. In-
deed, it has been shown that TrkA exerts an
inhibitory activity on p75NTR-mediated cer-
amide production (12), which could explain
the very slow time course of NF-kB induc-

Fig. 3. Neurotrophin effects on DNA binding activ-
ity of NF-kB in PCNA cells. (A) PCNA cells were not
treated (control) or were treated with recombinant
NGF (1, 10, 20, or 50 ng/ml) for 2 hours. (B) Cells
were not treated (control) or were treated with
NGF, BDNF, or NT-3 (100 ng/ml) (717) or with PMA
(50 ng/ml) for 2 hours, and cell lysates were ana-
lyzed for DNA binding activity as described for Fig.
2. The positions of immunoreactive complexes
(solid arrowheads), the uncomplexed DNA (open
arrowhead), and nonspecific bands (circle) are in-
dicated. The additional band (above arrowhead;
see also Fig. 2) is presumably due to complexes of
p65 and c-Rel [see (26)). (C) Bands were identified
as complexes of p50, p65, and c-Rel by addition of
each antibody separately to the DNA binding reac-
tion of cell lysates from the PCNA cells treated with
NGF (50 ng/ml) or PMA (50 ng/ml) (control de-
notes the binding reaction without addition of
antibody). The bound oligonucleotide was sep-
arated from the free oligonucleotide as de-
scribed in Fig. 2. The positions of immunoreac-
tive complexes (solid arrowheads), the uncom-
plexed DNA (open arrowhead), nonspecific
bands (circle), and the supershifted bands (ver-
tical bar) are indicated. Some supershifted
bands (marked with dots) are very faint because
the binding of the antibodies to NF-kB complex-
es competed with their ability to bind DNA [see
(25)]. No activation of NF-xB was observed after
exposure of L cells to NGF.
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tion by NGF in PC12 cells (18). However,
the parental L cells do not to bind to BDNF
or NT-3, indicating that receptors for these
neurotrophins (such as TrtkB or TrkC) are
not expressed in these cells (2). Thus, only
NGF produces a signal through p75NTR,
which results in the activation of the tran-
scription factor NF-kB. NGF may preferen-
tially activate additional, yet-to-be-deter-
mined pathways through p75NTR that, in
collaboration with ceramide, activate this
transcription factor. -

These results provide evidence for a NGF-
specific, TrkA-independent, signal transduc-
tion mechanism for p75N™® in nontrans-
formed cells that results in the activation of
the transcription factor NF-xB. This potent
regulator of gene expression activates the ex-
pression of various cell surface molecules (10),
and previous studies with Schwann cells and
PC12 cells have demonstrated that NGF can
up-regulate the adhesion glycoprotein L1 in
the absence of TrkA activation (19). Thus,

A NGF B

. Control

w
w z <
g o =
Z m o

Control
1 ng/ml
20 ng/ml
50 ng/ml

——NGF — ——PMA

o E E
= f - 9 v I
£ 282888
S = = = E £ £ =
Q = = [= Q c c c
O « « « O € <«
"-.?ﬂv-ts-




NGF activation of NF-kB through p75NTR
may up-regulate the expression of such extra-
cellular matrix proteins in Schwann cells,
thereby influencing their migration during
nerve regeneration (7).

The NGF—p75NTR—NF-kB signaling
pathway may also play a role in other
pathophysiological states. NGF is, so far,
unique among the neurotrophins in acting
as a link between inflammation and the
peripheral nervous system (20). NGF levels
are up-regulated in inflamed tissue (21),
and it has been shown that NGF is released
by cells of the immune system (20), as are
cytokines, which act through NF-kB. NGF
is also known to be required for the hyper-
algesia accompanying tissue damage, and it
exerts its effects on nociceptive sensory
neurons (22). Thus, it can be envisaged
that NGF activates the p75NTR-NF-kB
pathway in a context relevant to the gen-
eration of hyperalgesia.
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Cerebellum Implicated in Sensory Acquisition
and Discrimination Rather Than Motor Control

Jia-Hong Gao, Lawrence M. Parsons, James M. Bower,
Jinhu Xiong, Jingi Li, Peter T. Fox*

Recent evidence that the cerebellum is involved in perception and cognition challenges
the prevailing view that its primary function is fine motor control. A new alternative
hypothesis is that the lateral cerebellum is not activated by the control of movement per
se, but is strongly engaged during the acquisition and discrimination of sensory infor-
mation. Magnetic resonance imaging of the lateral cerebellar output (dentate) nucleus
during passive and active sensory tasks confirmed this hypothesis. These findings sug-
gest that the lateral cerebellum may be active during motor, perceptual, and cognitive
performances specifically because of the requirement to process sensory data.

For a century, the cerebellum has been
regarded as a motor organ (I). Lesions to
the cerebellum cause incoordinated move-
ment (2), and the cerebellum is activated
during movement (3, 4). Recent studies of
brain-injured humans revealed that the cer-
ebellum is instrumental in nonmotor be-
haviors such as judging the timing of
events, solving perceptual and spatial rea-
soning problems, and generating words ac-
cording to a semantic rule (5). Very recent-
ly, cerebellar activity has been detected dur-
ing these perceptual and cognitive behav-
iors (6) and during the mental rotation of
abstract objects (7). Such findings chal-
lenge classical motor theories of cerebellar
function. Although the cerebellum receives
input from virtually every sensory system
(8, 9) and is activated by tactile stimulation
alone (without movement) (3), it has not
been considered a sensory organ because
cerebellar lesions do not cause gross sensory
deficits (2). However, ascertaining whether
neural tissue has a motor or sensory func-
tion is a subtle problem because motor be-
havior is guided by ongoing sensory acqui-
sition of object information, and motor ef-
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ficiency (the accuracy, coordination, and
smoothness of motor behavior) depends on
continuously updated sensory data.

To dissociate sensory acquisition and
discrimination from motor performance per
se, we imaged blood oxygenation change, a
correlate of neural activity, in the lateral
(dentate) nucleus of humans as they per-
formed tasks involving passive and active
sensory discriminations. The dentate nucle-
us is the sole output for the large lateral
hemispheres of the primate cerebellum, and
its activation has usually been linked to
finger movements (10). We tested the hy-
pothesis (11) that dentate activation is
more closely associated with sensory dis-
criminations made through the fingers than
with finger-movement control per se.

Six healthy volunteers performed four
tasks (12). In the Cutaneous Stimulation
(CS) task (I3), they passively experienced
sandpaper rubbed against the immobilized
pads of the second, third, and fourth fingers of
each hand. In the Cutaneous Discrimination
(CD) task (13), they were asked to actively
compare (without responding) whether the
coarseness of the sandpaper on the two hands
matched. The coarseness of the sandpaper
changed randomly every 3 s. In the Grasp
Objects (GO) task (14), they used each hand
to repeatedly reach for, grasp, raise, and then
drop an object. In the Grasped Objects Dis-
crimination (GOD) task (14), they grasped
one object with one hand while using the
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