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Selective Activation of [VF-KB by Nerve Growth 
Factor Through the Neurotrsphin Receptor p75 

Bruce D. Carter,*+ Christian Kaltschmidt," Barbara Kaltschmidt, 
Nina Offenhauser,$ Renate Bohm-Matthaei, 

Patrick A. Baeuerle,§ Yves-Alain Barde 

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 ( ~ 7 5 ~ ~ ~ ) .  The 
biological significance of neurotrophin binding to ~ 7 5 ~ ~ ~  in cells that also express Trk 
receptors has been difficult to ascerta~n. In the absence of TrkA, NGF binding to ~ 7 5 ~ ~ ~  
activated the transcription factor nuclear factor kappa B (NF-KB) in rat Schwann cells. This 
activation was not observed in Schwann cells isolated from mice that lacked ~ 7 5 ~ ~ ~ .  The 
effect was selective for NGF; NF-KB was not activated by BDNF or NT-3. 

T h e  best established role for neurotrophins, 
\vhich include NGF, BLINF, NT-3, NT-415, 
and NT-6, is their ahility to support the 
survival and ilifferentiation of neurons. 
Three tvrosine kinase recetxors, referred to 

L ,  

as theT;ks, are critically involved in mediat- 
ing these effects ( 1 ) .  However, the neurotro- 
phins also interact with another receptor 
whose fi~nction has not been clearly estah- 
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lisheii, p7jNTR. The Trks exhibit high selec- 
tivity for their cognate l ipnds (TrkA for 
NGF, TrlcR for BDNF and NT-415, anil 
TrkC fol. NT-3), whereas p7iNTR bincis to 
all neurotrophins with similar affinity hut 
bvith different kinetics (2) .  The Trks produce 
their effects t h r o ~ ~ g h  activation of well-dc- 
scribed signaling pathways, incl~lding Ras- 
mitogen-activated protein kinase, phospho- 
lipase C-y, and phosphoinositol-3-OH ki- 
nase (3). O n  the other hand, the transduc- 
tion lnechanislns of p7iNTR remain largely 
unkno\vn. Several reports suggest that 
p7jNTR interacts with TrkA to form a high- 
affinity binding site (4) and to regulate TrkA 
signaling (5). Ho\vcver, eviilence has also 
heen presented that suggests that p7iNT" has 
an indepeniient fi~nction, such as the regu- 
lation of apoptosls (6)  or the rnigratlon of 
Schwann cells (7). The ~lniierlying transduc- 
tion lnechanislns have yet to be determined. 
Recently, nel~rotrophin hinding to p7jNTR 
was shown to activate the spi~~~ornyelinase 
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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 (I I), 
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 
(1.00 nglml) 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 (1 2). 
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 p75NTR 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 

DAPI 

Phase 

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 de~endence 
that indicated half-maximal stimulation 
with NGF at about 30 ndml (Fig. 2). This 
concentration roughly corresponds to the 
dissociation constant for NGF binding to 
p75NTR, as opposed to that observed in cells 
expressing TrkA in addition to p75NTR (4).. 
Neither BDNF nor NT-3 was capable of 

Fig. 1. Nuclear transloca- 
tion of NF-KB is stimulated 
by NGF but not by BDNF 
or NT-3 in Schwann cells. 
(A) Cells were prepared 
from P2 rat sciatic nerves 
as described previously AnR-p65 
(23) and plated at low den- 
sity on chamber slides in 
Dulbecco's modified Ea- 
gle's medlum with 10% 
fetal bovine serum. They 
were identified as Schwann 
cells by staining with an an- DAPl 
tibody raised against the 
marker protein S100 (Sig- 
ma) (17), cultured over- 
night, and treated with re- 
combinant neurotrophin 
(NGF, BDNF, or NT-3; 100 
ng/ml) for 2 hours or not Phase 

treated (control). The cells 
were fixed with methanol 
and analyzed by indirect 
immunofluorescence with a 
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 
p75- deleted ( 7 5 )  were cultured overnight, treated with NGF (100 ng/ml), and fixed and stained as in (A). 
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activating NF-KB. 
Because neurotrophin binding to 

~ 7 5 ~ ~ ~  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 FM 
CZ-ceramide, NF-KB 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 TrkB and TrkC 
(14), made it important to determine 
whether ~ 7 5 ~ ~ ~  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-KB 
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 (1 7). p75NTR 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 

= - g  
NGF 5~ 

E E " $  
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g ~ ~ g p : ~ = +  
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Fig. 2. Neurotrophin effects on DNA binding activ- 
ity of NF-KB in Schwann cells. Schwann cells cul- 
tured overnight 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 
NaCI, 20% glycerol, 1 % NP-40, 1 mM MgCI,, 0.5 
mM EDTA, 0.5 mM EGTA, 1 mM dihiothreitol, 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 acrylarnide gel, which was then dried and 
analyzed with a Fuji Phosphoimager. The specific 
band seen after NGF treatment could be eliminated 
by competiiion with an unlabeled (unlab.) oligonu- 
cleotide. The positions of immunoreactive com- 
plexes (solid arrowheads) and the uncomplexed 
DNA (open arrowhead) are indicated. 

Schwann cells, neurotrophin activation of 
NF-KB in PCNA cells was specific for NGF, 
as BDNF (Fig. 3B) and NT-3 (1 7) 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 (1 2), 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 (I, 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/rnl) (1 7) 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 lysatesfrom the PCNAcells 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)l. No activation of NF-KB was observed after 
exposure of L cells to NGF. 

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 TrkB 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 p75NTR in nontrans- 
formed cells that results in the activation of 
the transcription factor NF-KB. This potent 
regulator of gene expression activates the ex- 
pression of various cell surface molecules (1 O), 
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 E & & e  
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NC;F acrilation of NF-KR through piS4"' 
i11ay up-re5ulatc the express~on 0t s~icli extr;l- 
cellular ilratrix protcliis III Sch~vann cell., 
tlierehy intlueniing tlielr mig ra t io~~  ci~iring 
 nerve regenc~ition 1/51, 

T h e  NGF-p75"TR-NF-~R sli:naling 
pathnay may also play ,I role in other 
CatlioL~l~yiiologic,ll states. N G F  IS, so far. 
~ i i ~ i c j ~ ~ e  all10115 the neurc~troph~ns In a i t lng 
2s ;1 111nk lhet~\~een i~nf lammat~on anid the 
per~phel.al n e r v i ~ ~ s  hystcm (20) .  N G F  lel.els 
are ul?-rcgulateil 111 ~nt la i l le~l  tissue (211, 
and it ha5 lieen bhoan that K G F  is releascJ 
hi. cclls of the i ~ n m u n e  5)-stem (201, 3s are 
cytoklnes, which ;let t l lrougl~ N F - I ~ B .  N G F  
IS ,ilso l i ~ ~ c ) \ v ~ i  t c  be rec1uii-e~1 for the hyper- 
algeiia a c c o ~ n p ~ ~ n v i ~ ~ g  tissue Llamagc, and it 
exerts its effects 011 ni)ciceptive sensory 
neurons (22) .  Thu i ,  it can he envisagcLl 
that N G F  activate> t l ~ c  L375"T"-NF-~cR 
patlln.:r\- in a context relel-ant to the qen- 
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Gesebeiium Impiicated in Sensory Acquisition 
and Discrimination Rather Than Motor Contra8 

Jia-Hong Gas, Lawrence M. Parsons, James M. Bower, 
Jinhu Xisng, Jinqi bi, 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. 

F o r  a ceint~lry, tlne cerel.elhm has heen 
regarcleit as u  noto or orpan ( I ) .  Lesions to 
the  cei-el.ell~rm cause incoorilinatcd move- 
ment  (21, ancl the cerebellum is actil-ated 
il~lri~ng movemeiit ( 3 ,  4 ) .  Recent ~tui l ie i  of 
hrain-~njured lnu~naiv revealed that tlne cer- 
ebelluin IS ~nsti-~rixlental 111 nonixlt?tor he- 
havlors such as j~rdglng the tlmlng of 
events, aol\.ing Cercept~ial  ani{ bpatial rea- 
sonlng ~ r o l ~ l e r u s ,  and generatllig words ac- 
c i ~ r ~ l l n q  to  a semantic rule (5). Very recent- 
ly. cuebellar activlty has heen iletectecl Jur- 
Ing these perceptual and cognir~ve lieha\-- 
iors (6)  and elurine tlhe lnental rotation of 
abstract oliject, (7). S ~ i c h  finiliriq< clial- 
le~ige  classical motor tlieorles of ce~.el.ell,ir 
f ~ ~ n c r i o n .  Althouyh the cerebellum recei\ves 
Input from \ - ~ r r ~ i a l l ~  el-ery sensory s\;stem 
(8, 9)  and is activated hy tactile sriruulation 
alone (without movement) (3 ) ,  it has not  
beer1 considered a sensory orran beca~rse 
cerelxllar leyions clo not  cause grosy sensory 
ileficirs (2 ) .  Ho~vever,  ascertairiirig ~ h e t l i e r  
neural tissue ha< a motor or senyory func- 
tion 15 a suhtle prohle~n l.ecaul;e motor be- 
1ial-lc)r is guided hy ongoing sen<ory acqui- 
s i t i i~n of ohjecr information, and motor ef- 

J -H Gao L. M. Parsons, J X~cng J. LI ,  P. I .  Fox, 
Research Imaging Center, ?Med~ca Sc -~oo  Un~vers~t j  of 
Texas Health Science Ceqter Sari Antori~o. 2 7838L- 
62/-0. USA 
J M. Bobver. Ccrnp~~ta t  on and Ne~~ra l  Systems, Calfor- 
nia Institute of Technology, Pasadena. CA 91 123, IJSA 

-To o!hom collesponcence shouc be adcressec 

flciency ( the  accuracy, coord l~n~~t lon ,  cinil 
s ~ n ~ ) ~ t h i i e c s  of in i~tor  heli,ivi(or) clere~itds o n  , 

c o n t ~ n r i o ~ r ~ l y  uptlated sensory tlata. 
T o e 1'  LlaoiLate .- . senvory i i cc l~ r i s~ t~e>~~  ai1c1 

, A 

~Iiscr~inin;itioii from motor perfc>rmance pcr 
se, cve ~m;~ged  blood oxygeination change, a 
correlate of ineural activitv. 111 the lateral 
(clentate) nucleus of humans as thev pcr- 
formeLl tasks involving passive anLI active 
qensory ~l iscr imi~ia t io i~s .  T h e  clentate nucle- 
us 1s the sole o u t p ~ ~ t  for the large lateral 
l ielxilsphe~fiot the pri~liate cerehelhrm. ,inL! 
its acrlvarioii Iiaa ~ ~ s ~ l a l l y  lieen Ilnl<ecl rc-i 

firiger mo\-emenr.: (10).  W e  teytecl the hy- 
porlies~< ( I  I ) rli,it dentate acrlvarion 1s 
more c loe ly  assocl;ireci wlth sensory d ~ s -  
crim~nnrion> macle tlirouli the finyers than 
lvith finyer-movement control per se. 

Six Ilealrhy volunteer< performeil four 
rasks (12). In tlie Cutaneo~i< Srimularian 
(CS)  rask (13),  they pas~ively experieniecl 
sani lpal~r  rul>bed agalnst tlhe immobilize~l 
pails of the second, third, and fourth firigers oi 
each hancl. In the C~iraneous Discrimiriariori 
(CD)  task (13), thev were asked to actively 
compare (without respondmg) whether the 
coarseness of the sandpaper on the taro hancls 
matched. The  coarseness of the sanLinaaer 

L L 

cliangeLl raricloinlv every 3 5. In tlie Grasp 
Objects ( G O )  task (141, they used each han,l 
to repeatedly reach for, grasp, miye, anLl then 
drop an  object. In the Grasped Ol~jecrs Lls- 
crimiriarion (GOD)  rask (14),  thev graslierl 
one ol~jecr ~vitl i  one hand wlille using the 
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