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Activation of the Sphingomyelin Cycle Through 
the Low-Affini ty Neurotrophin Receptor 

Rick T. Dobrowsky, Mark H. Werner, Alexander M. Castellino, 
Moses V. Chao, Yusuf A. Hannun* 

The role of the low-affinity neurotrophin receptor ( ~ 7 5 ~ ~ ~ )  in signal transduction is un- 
defined. Nerve growth factor can activate the sphingomyelin cycle, generating the pu- 
tative-lipid second messenger ceramide. In T9 glioma cells, addition of a cell-permeable 
ceramide analog mimicked the effects of nerve growth factor on cell growth inhibition and 
process formation. This signaling pathway appears to be mediated by ~ 7 5 ~ ~ ~  in T9 cells 
and NIH 3T3 cells overexpressing ~ 7 5 ~ ~ ~ .  Expression of an epidermal growth factor 
r e ~ e p t o r - p 7 5 ~ ~ ~  chimera in T9 cells imparted to epidermal growth factor the ability to 
activate the sphingomyelin cycle. These data demonstrate that ~ 7 5 ~ ~ ~  is capable of 
signaling independently of the trk neurotrophin receptor (pl  40trk) and that ceramide may 
be a mediator in neurotrophin biology. 

Nerve growth factor (NGF) controls the 
survival, development, and differentiation 
of neurons of the peripheral and central 
nervous systems (1) and interacts with two 
classes of binding sites. The high-affinity 
binding site (Kd - 10-l1 M) requires ex- 
pression of the product of the trk proto- 
oncogene, p140t'k, which is a receptor ty- 
rosine kinase (2, 3). The low-affinity NGF 
receptor (Kd - M) is a highly glyco- 
sylated, 75-kD transmembrane protein that 
lacks kinase activity (4) and is termed 
p75NTR (5). Although p140trk can mediate 
NGF-induced effects in the absence of 
p75NTR (6), the functional significance of 
p75NTR in NGF signal transduction is un- 
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resolved. This uncertainty is due, in part, to 
the lack of evidence coupling p75NTR to 
activation of signal transduction pathways. 
Cytokines such as tumor necrosis factor-a 
(TNF-a) (7) or interleukin-lp (8) have 
been shown to activate the sphingomyelin 
(SM) cycle in a proposed signaling pathway 
(7, 9). The activation of the SM cycle by 
ligands that inhibit cell growth and induce 
differentiation (10) led to the hypothesis 
that some of the effects of NGF may be 
associated with activation of SM hydrolysis. 
Moreover, the structural homology between 
p75NTR and TNF-a receptors (1 1 ) suggest- 
ed that NGF rnight activate the SM cycle 
through p75NTR. We therefore examined 
the effects of NGF on the SM cvcle and the 
role of p75NTR in this process. 

Rat T9 anaplastic glioblastoma cells un- 
dergo growth inhibition and differentiation 
to an astrocyte-like phenotype in response 
to NGF (12). Similar to NGF, the cell- 
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the uptake of [3H]thymidine (Fig. 1). This 
effect appears to result from growth inhibi- 
tion and not toxicity because more than 
90% of the cells remained viable as deter- 
mined by exclusion of trypan blue. Sirnilar- 
ly, C,-ceramide also mimicked the effect of 
NGF on T9 cell morphology and doubled 
the percentage of cells bearing processes 
greater than one cell body in diameter (Fig. 
2, A and B). To determine if ceramide may 
be an endogenous mediator, we investigated 
the effect of NGF on the activation of the 
SM cycle in T9 cells. Nerve growth factor 
(50 ng/ml, 1.9 nM) induced a 30% decrease 
in the amount of sphingomyelin in the cells 
(corresponding to 5.6 pmol per nanomole of 
phospholipid phosphate) within 12 min 
(Fig. 3A). Sphingornyelin hydrolysis was 
maximal (35 to 40% decrease) at NGF 
concentrations of 100 to 150 ng/ml (Fig. 
3B). Activation of SM hydrolysis in the SM 
cycle should be accompanied by an increase 
in cellular ceramide levels (9). Indeed, 
NGF (100 ng/ml) also increased the 
arnount of cellular cerarnide to a rnaxirnum 
of 1.9 2 0.2-fold (4.2 i 0.8 pmol per 
nanomole of phospholipid phosphate) at 
12 rnin (Fig. 3A). Thus, rnost of the hy- 
drolyzed SM is accounted for by the gen- 
erated ceramide. Both SM and ceramide 
levels recovered to base line within 20 
min. This pattern is reminiscent of re- 
sponses seen with TNF-a in leukemia 
cells, although NGF produced a greater 
relative change in SM and ceramide than 
did TNF-a (7).  Thus, NGF activates an 
SM cycle in T9 cells at concentrations 
approximating the K, of p75NTR (1  to 4 
nM). Moreover, these concentrations cor- 
related closely with those required for 
process formation (Fig. 2, A and C). O n  
the other hand, NGF (0.26 ng/ml, 10 pM) 
was sufficient to induce differentiation of 
PC12 cells (14). These results suggest 
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that NGF may signal SM hydrolysis 
through ~ 7 5 ~ ~ ~  in T9 cells. 

Although significant process formation 
and SM hydrolysis were not observed at 
NGF concentrations below 50 ng/ml, these 
results do not rule out a role of p140mk in 
NGF-induced hydrolysis of SM in T9 cells. 
Therefore, we investigated the expression of 
NGF receptors by immunoprecipitation and 
affinity cross-linking. In T9 cells, ~ 7 5 ~ ~ ~  
migrated as a broad 70-kD immunoreactive 
band expressed at levels approximately one- 
fortieth that seen in PC12 cells (Fig. 4A). 
The difference in electrophoretic migration 
of ~ 7 5 ~ ~ ~  for T9 cells compared to that of 
~ 7 5 ~ ~  from PC12 cells may arise from 
differences in the glycosylation of the re- 
ceptors (15). Affinity cross-linking of lZ5I- 
labeled NGF with ethylene diamine carbo- 
diimide (EDAC), a reagent that preferen- 
tially cross-links ~ 7 5 ~ ~ ~  (16), confirmed 
that is expressed in T9 cells, albeit 
in low amounts relative to that in PC12 
cells (Fig. 4B). However, no cross-linking of 
p140mk was detected in T9 cells, although a 
160-kD cross-linked species was detected in 
fibroblast cells expressing rat p140mk (Fig. 
4B) (1 6). Further, Northern (RNA) hybrid- 
ization of total RNA from T9 cells failed to 
detect the presence of ~ 1 4 0 " ~  transcripts 
(Fig. 4C). Collectively, this evidence indi- 
cates that T9 cells either lack or minimally 
express p140"k, as has been demonstrated in 
other glioma cell lines (17). Thus, these 
data suggest that NGF-induced ceramide 
production is mediated by ~ 7 5 ~ ~  in T9 
glioma cells. 

To exclude further a role for p140mk in 
NGF-induced sphingomyelin hydrolysis, we 
examined the effects of NGF in fibroblasts 
overexpressing ~ 7 5 ~ ~  3T3 
cells) (18). Cells of the NIH 3T3 line do 
not endogenously express either p140mk or 
~ 7 5 ~ ~  (16). Treatment of p75NTR-NIH 
3T3 cells with NGF induced a time- and 
dose-dependent hydrolysis of SM in a man- 
ner qualitatively similar to that seen with 
T9 cells (Fig. 5, A and B). However, NGF 
treatment of wild-type NIH 3T3 cells 
showed no decrease in SM concentrations 
(Fig. 5A). These results indicate that NGF- 
induced SM hydrolysis is associated with 
~ 7 5 ~ ~ ~  and that p140mk is not necessary for 
this response. Further, human recombinant 
NGF also induced SM hydrolysis in 
p75NTR-NIH 3T3 cells (14). Thus, it is 
unlikely that the effect of mouse salivary 
gland NGF on SM hydrolysis is due to a 
minor impurity in the preparations. 

To investigate further the role of ~ 7 5 ~ ~ ~  
in NGF-induced hydrolysis of SM, we de- 
veloped T9 cells that express an epidermal 
growth factor receptor ( E G F R ) - P ~ ~ ~ ~ ~  
chimera (19, 20). Epidermal growth factor 
did not induce SM hydrolysis in wild-type 
T9 cells (Fig. 6A). Because the EGFR- 

Fig. 1. Effect of NGF and C,-cera- 120 
mide on T9 cell growth. Cells were 
seeded (1 x lo3 per well) in DMEM 
containing 10% BCS and grown 5 
overnight. The medium was aspirat- 
ed, and the cells were washed with gs PBS and placed in serum-free medi- g t 
um. The cells were treated with (A) E 60 

PBS or NGF for 96 hours or with (B) 2 8 
ethanol (0.1 %) or C,-ceramide for 48 - 40 
hours. Thymidine incorporation was g 
assessed after 6 hours of labeling 20 
with [3H]thymidine (1 pCi/ml) (28). 
NGF was added daily, and C,-cer- 
amide was added only once. Base 1 

0 50 100 150 200 0 1 2  3 4 5 6 7 
line thymidine uptake was 15,355 2 NGF (nglml) C2-Ceramide (pM) 
395 or 18,712 T 352 cprn at 48 and 
96 hours, respectively. Results are mean 2 SEM from quadruplicate determinations. Asterisks, p < 0.05 
versus control by Student's t test with Bonferroni's multiple comparison correction. 
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Fig. 2. Effect of C,-ceramide and NGF on morphology of T9 
glioma cells. T9 cells were seeded onto poly-L-lysine-coated 
culture dishes and incubated overnight in DMEM containing 
10% BCS. Cells were washed: placed in serum-free medium 
containing insulin-transferrin (5 l~g/ml); and treated with ethanol, 
C,-ceramide (3 kM), or NGF (1 50 ng/ml) for 4 days. NGF was 
added dailv, and C,-ceramide was added everv other dav. (A 
and B) ~uintitatio; of the number of cells bea;ing proceisks 
greater than one cell body in diameter from random fields of at least 100 cells. Results are mean 2 SEM 
from quadruplicate determinations. Asterisks, p < 0.05 versus control by Student's t test with multiple 
comparison correction. (C) Representative field of cells from (A) and (B) photographed under phase- 
contrast optics. 
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Fig. 3. Induction of SM hydrolysis 240,~ 120- B 
and ceramide production by NGF in - Sphingomyelin 
T9 glioma cells. (A) Time course of 200 
SM hydrolysis (open triangles) and 
ceramide production (closed trian- = 
gles) to NGF (50 or 100 ng/ml, re- 160 
spectively). Control SM and cera- 
mide levels were 726 + 40 cpm per - 
nmol of phosphate and 2.2 2 0.3 ' 120 
pmol per nmol of phosphate. re- g 
spectively. Asterisks, p < 0.05 ver- 60- 
sus time-matched control by Stu- 
dent's t test. (B) Dose response of 
SM hydrolysis to NGF at 12 min. 40 40 r l t l r l t l  Control SM level was 1348 2 99 0 5 10 15 20 25 0 50 100 150 200 
cpm per nanomole of phosphate. Time (mln) NGF (nglml) 
Asterisk, p < 0.05 versus control by 
Student's t test with multiple comparison correction. Results are mean 2 SEM of two to three experi- 
ments performed in triplicate. Sphingomyelin and ceramide measurements were done as described (29). 



p75NTR chimera contains the transmem- 
brane and cytoplasmic domains of p75Nm 
but also the ligand binding domain o f  the 
EGFR (19), activation o f  S M  hydrolysis by 
EGF in cells expressing this chimera would 
provide evidence for a role of p75NTR in 
signaling. In this respect, expression o f  the 
EGFR-p75Nm chimera in PC12 cells im- 
parted to EGF the ability to mimic N G F  in 
inducing morphological changes (19). In 
the present study, T9EN10 cells (20), 
which express the EGFR-p75NTR chimera, 
gave a significant increase in S M  hydrolysis 
in response to treatment wi th EGF (Fig. 
6A). T h i s  response was specific for T9EN10 
cells and was not  observed in the control 
transfected cell line, T9SVZneo. Epidermal 
growth factor also increased the amount o f  
ceramide approximately threefold in 
T9EN10 cells but did not  affect the amount 

of ceramide in wild-type T 9  cells (Fig. 6B). 
Thus, EGF mimicked the effects of N G F  o n  
S M  hydrolysis and ceramide production in 
cells expressing the EGFR-p75NTR chimera. 
These data indicate that activation of the 
S M  cycle i s  associated wi th p75NTR and 
that the presence of the transmembrane 
and cytoplasmic domains o f  p75NTR are suf- 
ficient to activate the S M  cycle. Taken 
together, the above data provide several 
lines of evidence indicating that N G F  acti- 
vates the S M  cycle specifically through 
p75NTR. 

Two structural roles have been suggested 
for p75Nm: participation in the formation 
o f  a high-affinity NGF binding site (3, 18, 
21 ) and the binding of neurotrophins for 
presentation to trk receptors (22). However, 
a third potential function for p75Nm i s  in 
signal transduction. The finding of protein 

Fig. 4. Expression of p75- but not p140t* in T9 1 
cells. (A) Protein irnmunoblot analysis. PC1 2 cells 6 

sG @@<9 a9 49 
@ 

and T9 cells were grown to confluency and solu- . , ,, so 49 
- -200 

bilized in 0.5 ml of lysis buffer [I00 mM tris-HCI 
(pH 7.6). 66 mM EDTA. 1 NP-40. 0.4% deoxy- 
cholate, 1 mM phenylmethylsulfonyl fluoride, 1 -97.4 
rnM leupeptin, and 1 rnM aprotinin]. After centrif- 
ugation, the supernatant (PC12, 150 kg: T9, 6 -68 

mg) was incubated with affinity-purified antibody 
to ~ 7 5 ~ ~  overnight at 4°C. Protein A-Sepharose 
(50 KI) was added, and after 2 hours the immuno- 
precipitate was washed f~ve times in lysis buffer. 
Proteins were resolved by polyacrylarnide gel electrophore gels. Protein immunobl 
was done as described (30). (B) Affinity-cross-linking anal lent cells were release( 
containing 1 rnM EDTA, washed in PBS, and resuspendea Ir i  a solution contaming l o b  bovlr~e serurll 
albumin and 196 glucose (3 x lo6 cells per milliliter). The cell suspension was incubated with 0.2 nM 
'251-labeled NGF at room temperature for 45 min, and the cross-linking of p75- and p140frk was 
initiated by the addition of either 4 rnM EDAC (lanes 1 and 2) for cross-linking of p75- or 150 rnM 
disuccinimidyl suberate (lanes 3 and 4) for cross-linking of p140frk (1 6). After 45 min at room temperature. 
the cells were centrifuged and washed three times with PBS containing 50 mM lysine. The sedimented 
cells were solubilized in lysis buffer (0.5 rnl) at 4°C for 30 rnin, and the cell debris was sedimented. The 
supernatant was then subjected to irnmunoprecipitation and electrophoresis as described. Molecular 
size markers are indicated In kilodaltons. (C) Northem blot analysis. Total RNA was isolated from PC1 2 
and T9 cells and was fractionated on 1 % agarose-6.6% for1 gels (30 kg). RNA was transferred 
to nitrocellulose and hybridized with nick-translated cDF ~ts of p140". RNA bands were 
visualized by autoradiography for 48 hours. Acridine orange the gel is displayed to indicate the 
relat~ve amounts of RNA loaded. 
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Fig. 5. Activation of the SM cycle by 120 
NGF in ~ 7 5 ~ ~ ~ - N l H  3T3 cells. (A) 
Time course of SM hydrolysis to 8 
treatment with NGF (100 ng/ml) in $ 
wild-type NIH 3T3 cells (open circles) 2 loo - 
and ~ 7 5 ~ " N l H  3T3 cells (closed 
circles). Control SM levels were 238 g ?19and488214cpmpernmolof sS0 
phosphate in NIH 3T3 and p75-NIH 

< 0.05 versus time-matched control 
3T3 cells, respectively. Asterisks, p 

by Student's t test. (B) Dose re- 
sponse of SM hydrolysis after treat- % i I 

ment with NGFfor 15 min in ~ 7 5 ~ ~ "  fn 

NIH 3T3 cells. Control SM level was .- 
342 2 38 cpm per nanomole of 40 I - o ' io ' 210 ' &I ' 4b ' 5b o 50 loo 150 200 
phosphate. Asterisks, p < 0.05 ver- Time (min) NGF (nglml) 
sus control by Student's t test with 
multiple comparison correction. Results are mean 2 SEM from two experiments performed in triplicate. 
Sphingomyelin hydrolysis was measured as described (29). 

kinase activities associated wi th p75NTR 
(23) and the presence of a mastoparan-like 
G protein binding sequence at the carboxyl 
terminus of p75NTR (24) have implicated a 
possible involvement of p75NTR in down- 
stream signaling events. Indeed, p75NTR ap- 
pears to function in the induction of apop- 
tosis. enhancement of develo~mental cell 
death in the avian isthmo-optic nucleus, 
the metastatic progression o f  primary mela- 
noma, the migration of Schwann cells, and 
the hydrolysis o f  glycosyl-phosphatidylino- 
sit01 (25). In glial cells, the internalization 
o f  N G F  may represent an init ial step in a 
cascade of intracellular effects elicited by 
~ 7 5 ~ ~ ~  (1 7). 

Our results indicate that 1 3 7 5 ~ ~ ~  is COU- 
pled to a signal transduction pathway. Ce- 
ramide may regulate events during develop- 
mental cell death, retrograde transport, and 
synaptic vesicle fusion as well as maintain 

120 
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2 100 
0 % 80 - 
s 60 
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f 40 
Ul .z 20 
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fn 

0 
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0 10 25 50 100 
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Fig. 6. Activation of the SM cycle by EGF in cells 
expressing an E G F R - P ~ ~ ~ ~ ~  chimera. (A) Effect of 
EGF (100 ng/ml) on SM hydrolysis in T9 (open 
circles), T9EN10 (filled circles), and T9SV2neo 
(filled triangles) cells. Base line SM levels were 202 
2 14,277 2 18, and 557 2 13 cpm per nanomole 
of phosphate in T9, T9EN10, and T9SV2neo cells, 
respectively. Asterisks, p < 0.05 versus time- 
matched control by Student's t test. (B) Dose de- 
pendence of ceramide production in response to 
treatment with EGFfor 20 min in T9 (open bar) and 
T9ENlO (solid bar) cells. Control ceramide levels 
were 2.7 2 0.1 and 9.1 2 0.6 pmol per nanomole of 
phosphate in T9 and T9ENlO cells, respectively. 
Asterisks, p < 0.05 versus control by Student's t 
test with multiple comparison correction. Results are 
means 2 SEM of two experiments performed in 
triplicate. Sphingomyelin hydrolysis and ceramide 
production were measured as described (29). 
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axonal structure and function. Further, the abil- 
ity of ceramide to mhibit the growth of T9 cells, 
which only express p75NTR, suggests that the 
SM cycle may be a prominent signaling path- 
way in cells primarily expressing p75Nm, such as 
glioma, schwannoma ( 17), and melanoma cells 
(25) or cells overexpressing ~ 7 5 ~ ~  in response 
to axotomy or senile dementia (26). The anti- 
proliferative and differentiative effects of ceram- 
ide may occur by modulation of cellular protein 
phosphorylation and the down-regulation of the 
c-myc proto-oncogene (7). Both a ceramide- 
activated kinase (7, 8) and ~hosphatase (27) 
have been dentifled that mav oiovlde d~rect , L 

molecular targets for further downstream effects 
of ceramide (1 0). 
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where k is Boltzmann's constant, T is temper- 
ature, and L is the molecular contour length. 
For large F >> kT/A, the accessible confor- 
mations reduce to quadratic fluctuations 
around a straight line, while for F << kT/A 
the polymer conformation becomes a directed 
random walk. The force needed to extend a 
freely jointed chain model diverges less 
strongly as x + L [F (1 - &)-'I as fluctu- 
ations inside each segment are suppressed. 

A nonlinear least-squares fit of the exact 
F(x) to experimental data (Fig. 1) gives L = 
32.80 2 0.10 Fm and A = 53.4 ? 2.3 nm 
(90% confidence level errors; ~ l / n  = 1.04 for 
n = 303 data points). This L is close to the 
crystallographic value of 32.7 Fm, while A is 
in good agreement with the results of cycliza- 
tion studies (1). Refinements of the present 
technique may well become the most accu- 

SCIENCE VOL. 265 9 SEPTEMBER 1994 1599 




