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Introduction
For neurons, the acquisition of the terminally differentiated stage
implies the appearance of the full capacity to receive, process and
transmit electrical information. A direct consequence of function is
however the appearance of metabolic stress, due to the higher
production and accumulation of reactive oxygen species from the
increased need for ATP, triggered by function. Despite the presence
of stress, neurons live for as long as the individual does, implying
that brain cells are equipped with robust survival mechanisms.

The strength of a number of intracellular signaling events,
including survival, relies on the clustering of receptors in highly
ordered and dynamic lipid-based platforms (rafts) on the plasma
membrane. The concept of raft has significantly changed in the
last 10 years (Simons and Toomre, 2000; Simons and Gerl, 2010).
At first, a protein was considered to be part of rafts as long as it
was enriched in detergent-resistant membrane fractions and was
sensitive to changes in cholesterol levels. The current view is far
more strict, involving protein–lipid interactions that regulate the
nanoscale raft protein assembly and their coalescence into larger
signaling functional platforms. The presence of a protein in a
detergent-resistant fraction is now taken as indication of
biochemical affinity for a certain lipidic environment; a crucial
issue for cell function is how membrane proteins can alter the
lipid organization of the membrane by binding specific lipids and
also by modifying their lipid surroundings (Niemelä et al., 2010).
Interestingly, all tyrosine kinase signaling receptors, the associated
adaptors, scaffolds and enzymes have high affinity for cholesterol-
rich membrane fractions, as shown by their concentration into
detergent-resistant fractions in response to the presence of cognate
ligands (Paratcha and Ibanez, 2002; Pereira and Chao, 2007;
Suzuki et al., 2004). Although it has been conclusively
demonstrated that this biochemical property requires the presence
of ligands, alternative mechanisms must also exist because
receptor activity is found in detergent-resistant fractions even in

conditions of ligand downregulation. In fact, high neurotrophic
tyrosine kinase receptor type 2 (TrkB) activity was observed in
the hippocampus and hippocampal neurons in vitro of brain-
derived neurotrophic factor (BDNF) knockout mice and also in
the hippocampus of aged wild-type mice, which have reduced
BDNF levels (Martin et al., 2008). Given that this type of receptor
signals upon dimerization, it became clear that one way by which
activation could occur in conditions of low ligand concentration
would be through changes in the lipid composition of the neuronal
plasma membrane, to promote higher chances of clustering and
therefore favor dimerization. In agreement with this possibility,
we have shown that neuronal terminal differentiation (between
10 and 15 days in vitro (DIV)] and posterior aging (between 15
and 30 DIV) is associated with a reduction in cellular cholesterol,
and that this cholesterol loss is required for TrkB activity (Martin
et al., 2008). Moreover, the active receptor was found in the
detergent-resistant fraction even under low cholesterol conditions.
These results suggest that signaling strength requires receptor
clustering in detergent-resistant platforms and that membrane
receptors like TrkB have strong affinity for a particular type of
cholesterol-poor but lipid-rich environment. Although in principle
counter-intuitive, the existence of detergent-insoluble fractions at
low cholesterol concentration has been demonstrated using model
membranes containing high levels of ceramide and sphingolipids
(Milhiet et al., 2002; Saslowsky et al., 2002). Similar conclusion
can be drawn from studies on the brush border membrane of
enterocytes (Hansen et al., 2001) and in developing neurons (Ko
et al., 2005). From these results an obvious question arises: what
type of lipidic change occurs after terminal differentiation to
assure TrkB activity into detergent-resistant fractions? One
possibility is that sphingomyelin (SM), due to its long, saturated
fatty acid chains, can facilitate lipid packaging (Brown and
London, 2000) and therefore favor TrkB clustering. Consistent
with this possibility, SM can form separate domains in supported
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lipid layers under conditions of low cholesterol (Lawrence et al.,
2003).

Results
To test whether a rise in SM levels can explain, at least in part, the
existence of robust TrkB activity in the terminally differentiated
brain (Martin et al., 2008), SM was measured in synaptic
membranes from 1-, 4- and 20-month-old mice (1M, 4M and
20M). Fig. 1A shows that SM levels increase from 1M to 4M
(1M, 15.91±6.65; 4M, 37.75±3.52 pmol SM/nmol phospholipid;
P1M-4M0.0011; the Student’s t-test was used for all statistical
analyses) without a further increase later on. On the other hand, the
amount of total phospholipids (relative to protein) did not change
(1M, 742.7±14.9; 4M, 639.34±112.7 nmol phospholipid/mg
protein; P1M-4M0.18). In agreement with the above, detergent-
resistant, phase-segregated, membranes, referred to as DRMs
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(detergent-resistant membranes), from hippocampal membranes of
4M mice showed 15% more SM when compared to DRMs obtained
from 1M mice. An additional 15% SM increase was detected by
this method between 4M and 23M. Fig. 1B shows the
SM:phospholipid ratio in samples obtained from 1M, 4M and
23M mice (1M, 0.95±0.043; 4M, 1.16±0.033; 23M, 1.34±0.047;
P1M-4M0.016, P4M-23M0.014, P1M-23M0.00019).

Does the increase in SM play a role in TrkB activation in the
terminally differentiated neurons? To gain insight into, this we
analyzed TrkB activity in hippocampal membranes from young
wild-type and acid sphingomyelinase knockout (ASMKO) mice.
This is a suitable model for our purpose because the ASMKO
neurons present anomalously high levels of SM at the plasma
membrane with no alterations in cholesterol levels (Galvan et al.,
2008) (supplementary material Fig. S1). If an increased amount of
SM at the plasma membrane results in activation of TrkB receptors,
then phospho-TrkB levels should be higher in the hippocampal
membranes obtained from ASMKO mice compared with wild-type
controls of the same age. Quantification of the western blot shown
in Fig. 1C revealed higher phospho-TrkB levels (as a percentage
of TrkB levels) in membranes prepared from hippocampus of
ASMKO animals compared to wild-type controls (wild-type,
0.98±0.028; ASMKO, 1.5±0.25; P0.025), thus supporting the
possibility that increased SM promotes TrkB activation in neuronal
cells.

To obtain more direct evidence, we used hippocampal neurons
in vitro, in which SM levels can be exogenously increased or
reduced. First, however, the levels of SM were measured at the
different developmental stages. Lipid analysis revealed that, like
the in vivo situation, hippocampal neurons in vitro undergo a
developmental change in SM concentration. There was a clear
increase in the SM:phospholipid ratio, which went from 32.81±5.86
pmol SM/nmol phospholipid at 10 DIV to 56.90±9.63 pmol
SM/nmol phospholipids at 23 DIV (P0.0052; Fig. 2A). To
determine whether or not an SM increase occurs at the plasma
membrane, fixed non-permeabilized hippocampal neurons were
incubated with the SM-binding toxin lysenin, followed by anti-
lysenin antibody (Fig. 2B; see Materials and Methods). The
immunofluorescence images in Fig. 2B show higher plasma
membrane levels in 15 DIV compared to 10 DIV neurons.
Quantification of the fluorescence intensity (corrected per plasma
membrane area) indicated a significant increase in SM levels
between 10 DIV and 15 DIV, with no further increase between 15
DIV and 23 DIV (10 DIV, 1.00±0.19; 15 DIV, 1.65±0.30; 23 DIV,
2.01±0.25; P10-15DIV0.016, P10-23DIV0.00096, P15-23DIV0.09; Fig.
2B). Considering that the staining was performed in non-
permeabilized neurons, the higher signal observed in old cells is
most likely a reflection of plasma membrane changes.

Next, to directly assess cause and effect, the levels of the
phosphorylated form of the receptor were measured in 10 DIV
neurons exposed overnight to SM (the demonstration that this
leads to efficient incorporation of exogenous SM is provided in
supplementary material Fig. S2). Fig. 3A shows that exogenous
SM addition leads to a remarkable 2.6-fold increase of phospho-
TrkB in DRMs compared to control untreated cells (control, 1.00;
+SM, 2.59±0.72; P0.0354).

SM is metabolized to ceramide, and ceramide can activate the
TrkA receptor in PC12 cells (MacPhee and Barker, 1999). Thus,
we checked the extent to which the above effect was the direct
consequence of high SM or the indirect consequence of increasing
ceramide content. In favor of a direct consequence, addition of

Fig. 1. Increase in SM levels during neuronal maturation in vivo. (A)SM
levels in synaptosomes prepared from hippocampus of 1-, 4- and 20-month-
old mice. SM was quantified by chromatography followed by mass analysis.
Analysis reveals a 2.4-fold increase in the SM content in synaptosomes
obtained from mature mice (4M) compared to young mice (1M). Values
correspond to average of data obtained from four animals and are expressed in
pmol SM/nmol phospholipid. (B)Thin layer chromatography (TLC) to
determine SM levels in DRMs prepared from hippocampal membranes of 1-,
4- and 23-month-old mice. Quantification of SM bands reveals age-associated
increase in the ratio of SM to phospholipids in DRMs. (C)Western blot
showing higher levels of phospho-TrkB in DRMs of hippocampal membranes
prepared from ASMKO mice compared to wild-type (wt) controls. The
quantification of these experiments shows the phospho-TrKB to total TrKB
ratio for each case. Bars represent mean + s.d. of at least three independent
experiments. *P<0.05, **P<0.02, ***P<0.001 using Student’s t-test.
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different concentrations of ceramide to 10 DIV neurons (de Chaves
et al., 2001; Stoica et al., 2005; Stoica et al., 2003; Toman et al.,
2002) did not increase TrkB activation in these cells (Fig. 3B).

To further validate the idea that high SM plays a role in TrkB
activity in mature neurons, we inhibited de novo synthesis of SM
by the addition of Fumonisin B1 (FB1) to 14 DIV neurons, over
5 days (see Materials and Methods). Fig. 3C shows that FB1
treatment significantly lowered levels of phospho-TrkB in DRMs
compared to untreated neurons of the same age (control, 1.00;
FB1, 0.40±0.08; P0.000059). Because FB1 also inhibits the
generation of GM1, and GM1 can modulate TrkB activity (Pitto et
al., 1998), we tested whether or not TrkB activity was reduced in
old cells with low GM1 content. For this, the GM1-producing
enzyme, plasma membrane ganglioside sialidase (PMGS) (Abad
Rodriguez et al., 2001; Kopitz et al., 1996; Saito et al., 1995) was
inhibited by the addition of NeuAc2en (2,3-dehydro-2-deoxy-N-
acetylneuraminic acid) (Kopitz et al., 1996). This treatment did not
change phospho-TrkB levels in 14 DIV neurons (supplementary
material Fig. S3), indicating that the effect of FB1 corresponded to
the decrease in SM. Furthermore, because a reduction in cholesterol
content was shown to be sufficient to trigger TrkB activity (Martin
et al., 2008), we also looked at whether SM modulation, both in
gain- or loss-of-function conditions, affected TrkB phosphorylation
through an indirect, cholesterol-mediated mechanism. Neither FB1
nor the addition of exogenous SM induced a significant change in
cholesterol levels relative to controls (Fig. 3D).

After receptor phosphorylation, neuronal survival requires the
long-lasting activation of signaling, anti-apoptotic, intermediaries.
In the case of the TrkB pathway, this is guaranteed via the activation
of the phosphoinositide 3-kinase (PI3K)–Akt pathway. Experiments
performed in PC12 cells demonstrated that these intermediaries
are activated by Trk receptors localized in signaling endosomes
formed by a clathrin-independent mechanism that requires the
Rho-GTPase Rac (Valdez et al., 2007). However, in cultured
neurons from the central nervous system, TrkB-mediated survival
signaling requires the classic clathrin–AP2 pathway (Zheng et al.,
2008). These observations, and the previous demonstration that

1310 Journal of Cell Science 124 (8)

sphingolipids can influence both clathrin-dependent and
independent endocytosis (Cheng et al., 2006), moved us to analyze
which endocytic mechanisms contribute to the increased TrkB
activity observed under high SM concentrations. First, we
determined whether increased SM levels affected TrkB endocytosis.

Fig. 2. Increase in SM levels after neuronal maturation in vitro. (A)Total SM levels measured in cell extracts by chromatography followed by mass analysis.
Analysis reveals a 70% increase in the SM content obtained from aged neurons (23 DIV) compared to young neurons (10 DIV). Values correspond to average of
data obtained from three different cultures and are expressed in pmol SM/nmol phospholipid. (B)Left panel: overlay of phase contrast and immunofluorescence
microscopy images showing the increase in SM in whole neurons. SM was detected by immunofluorescence using Lysenin, and a secondary anti-Lysenin antibody.
The fluorescence intensity per unit of plasma membrane, quantified in neuronal processes (as shown in the insets), is plotted on the right. Bars represent mean +
s.d. of at least three independent experiments. *P<0.05, **P<0.02, ***P<0.001 compared to 10 DIV values, using Student’s t-test.

Fig. 3. SM promotes TrkB phosphorylation in DRMs. (A)Western blot (left
panel) and its quantification (right panel) showing that SM addition to
neuronal cultures results in an increased ratio of phospho-TrkB to TrkB in
DRMs. (B)Western blot (top panel) and its quantification (bottom panel)
showing that Ceramide addition to neuronal cultures does not increase TrkB
phosphorylation compared to controls. (C)Western blot (left panel) and its
quantification (right panel) showing that inhibition of SM synthesis by
treatment with FB1 results in reduced TrkB activity in DRMs. (D)Graphs
show that the treatments used to reduce or increase SM levels (see A and B) do
not affect the amount of membrane cholesterol. Bars represent mean + s.d. of
at least three independent experiments. *P<0.05, ***P<0.001 compared to
control values, using Student’s t-test.
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For this, neurons were incubated with SM followed by the
immunodetection of surface and internalized TrkB (see Materials
and Methods). As shown in Fig. 4A, SM treatment significantly
increased the percentage of internalized TrkB (control, 25.4+10.6%;
+SM, 35.5±14.4%; P0.0028) indicating that SM is able to
stimulate TrkB endocytosis.

To determine the mechanism by which SM increases TrkB
endocytosis, neurons were treated either with the dynamin-inhibitor
Dynasore, to block dynamin-requiring endocytic pathways, among
them the clathrin-dependent pathway (Kirchhausen et al., 2008;
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Macia et al., 2006) or, with the Rac1-specific inhibitor NSC23766
after the addition of SM. Quantification of the ratio of surface
TrkB to internalized TrkB revealed that SM-triggered TrkB
internalization is not affected by dynamin inhibition (control +
Dynasore, 10.0±1.0%; SM + Dynasore, 15.0±4.0%; P0.00094,
Fig. 4B). On the other hand, internalization was significantly
reduced by the Rac1 inhibition in SM-treated cells (control +
NSC23766, 25.4±7.2%; SM + NSC23766, 13.2±2.7%; P0.0038,
Fig. 4C). From the data in Fig. 4 it is also evident that Dynasore
reduced the basal levels of TrkB internalization from 25.4±10.6%

Fig. 4. SM triggers TrkB
endocytosis by a Rac1-
dependent mechanism in
hippocampal neurons. (A)Left
panel: Immunofluorescence
performed in non-permeant and
permeant conditions showing the
levels of surface and internalized
TrkB, respectively. TrkB was
analyzed either in control (Ctrl) or
in SM treated hippocampal
neurons (+SM). The plot on the
right shows that the percentage of
internalized TrkB, obtained by
quantification of the
immunofluorescence images,
increases after SM treatment.
(B)Immunofluorescence images
showing the levels of surface and
internalized TrkB in hippocampal
neurons after the blockage of
dynamin-mediated endocytosis
with Dynasore (+Dyn) inhibitor.
Right panel: quantification of
images indicates that SM increase
TrkB endocytosis by a dynamin-
independent mechanism. Even
after Dynasore treatment, the
internalized pool of TrkB is 50%
higher in SM-treated cells than in
controls. (C)Immunofluorescence
images showing the levels of
surface and internalized TrkB in
hippocampal neurons after Rac1
inhibition with the specific
inhibitor NSC23766. Right panel:
quantification of images indicates
that SM is not able to promote
TrkB endocytosis when Rac1 is
inhibited. (D)Western blot
showing that SM treatment of
young neurons results in
increased levels of active GTP-
Rac compared to untreated
control cells (Ctrl). +Ctrl, cell
lysate positive control; –Ctrl, 1
mM GDP solution negative
control. Bars represent mean +
s.d. of at least three independent
experiments. **P<0.02,
***P<0.001 compared to control
values, using Student’s t-test.
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to 10±1.0%; P1.077�10–6) whereas NSC23766 did not affect the
basal internalization rate (control + NSC23766, 25.3±7.19%;
P0.995). These results indicate that in control cells TrkB is mainly
internalized by a dynamin-dependent mechanism and show that
SM further stimulates TrkB receptor endocytosis via the activation
of the Rac1-dependent (dynamin-independent) pathway. To
corroborate this, we compared the levels of active Rac1 between
control and SM-treated neurons. Fig. 4D shows a 1.92-fold increase
in the relative level of active Rac1 in cell extracts prepared from
SM-treated neurons compared to non-treated controls (control,
1.00; SM, 1.93±0.28; P0.0048). Together, these results highlight
the importance of Rac1 activation for total TrkB endocytosis, as a
minimum under high SM conditions. It is interesting to note that
the situation in hippocampal neurons is different from that observed
for TrkA endocytosis in PC12 cells, in which TrkA is endocytosed
by a clathrin-independent but dynamin- and Rac1-dependent
mechanism (Valdez et al., 2007). The discrepancy possibly reflects
differences in the basic biology between these two cell types.

Next, we analyzed the contribution of SM-triggered endocytosis
on receptor activity. Control and SM-treated hippocampal neurons
in culture were incubated with the Rac inhibitor NSC23766, and
the levels of phosho-TrkB detected by immunofluorescence
microscopy. Fig. 5A shows that Rac1 inhibitor did not affect the
basal levels of TrkB activity found in untreated (control) cells
(control, 1.19±0.16; control + NSC23766, 1.13±0.2; P0.268) yet
it reduced the higher levels of phospho-TrkB when cells were
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treated with SM (SM, 1.73±0.37; SM + NSC23766, 1.48±0.28;
P0.011).

To determine the relevance of dynamin-dependent endocytosis
in receptor activity, neurons were incubated with Dynasore after
SM addition. Fig. 5B shows that dynamin blockage induces a
similar, 32% and 28% decrease in TrkB activity in control (control,
1.40±0.32; control + Dynasore, 0.95±0.19; P0.00014) and high
SM (SM, 1.93±0.38; SM + Dynasore, 1.4±0.46; P0.004) samples,
respectively. Together, the last series of results suggest that high
SM increases TrkB activity by stimulating the Rac1-mediated
process, without interfering with the dynamin-mediated process.

Because the Rac inhibitor NSC23766 strongly inhibits receptor
internalization (see Fig. 4C), the fact that 31% higher TrkB
phosphorylation was found in the presence of NSC23766 (Fig. 5A,
compare control + NSC23766 and SM + NSC23766; P0.00001)
suggests that SM promotes TrkB signaling not only by turning on
Rac1-dependent endocytosis but also by favoring the affinity of
TrkB for DRMs (see also Fig. 3). As a matter of fact, the increase
in TrkB activity after dynamin inhibition reached 47% (Fig. 5B,
compare lines Ctrl+Dyn and SM+Dyn; Student’s t-test: P0.0017)
due to the additional contribution of SM-triggered Rac1-mediated
endocytosis. It is then likely that, in the high SM situation, a pool
of receptor is activated on the neuronal surface by virtue of
increasing affinity in DRMs, where they can become auto-
phosphorylated. This, however, requires experimental validation
with the appropriate tools.

Fig. 5. SM increase is able to stimulate TrkB
signaling by a Rac1-dependent pathway.
(A)Immunofluorescence images (left) and their
quantification (right) show that inhibition of Rac1-
dependent endocytosis produced a significant
decrease of phospho-TrkB levels in SM-treated cells,
but not in control (Ctrl) neurons.
(B)Immunofluorescence images (left) and their
quantification (right) show that SM addition to
neuronal cells promotes TrkB activity either in the
presence or absence of Dynasore. Bars represent
mean ± s.d. of at least three independent experiments.
**P<0.02, ***P<0.001 using Student’s t-test.
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To further demonstrate that Rac1 is required for the SM-induced
TrkB internalization and signaling, the levels of phospho-TrkB
were measured by immunofluorescence in SM-treated neurons
transfected with RacN17, the dominant-negative mutant of Rac1.
As controls, RhoN19 (the dominant-negative form of RhoA) and
untransfected neurons were analyzed in this experiment. As shown
in Fig. 6, RacN17 overexpression resulted in 62% decreased levels
of phospho-TrkB when compared to RhoN19 or to untransfected
neurons and no effect was observed when RhoN19 was used
(RacN17, 0.404±0.15; untransfected, 1.048±0.25; RhoN19,
1.067±0.18; PRacN17-untransfected5.480�10–7; PRacN17-RhoN19
2.298�10–5). A similar lack of effect was observed in cells treated
with the cell-permeable RhoA inhibitor C3-Trans (data not shown).

Together, our results suggest that the maturation-triggered SM
increase plays a role in TrkB activation through two different
mechanisms: first, increased receptor affinity for particular
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membrane domains where it can be more efficiently
phosphorylated, even independently from the presence of ligand,
and second, activation of a Rac1-dependent (dynamin-independent)
endocytic pathway to work in concert with the normal, dynamin-
dependent, process.

Discussion
Cholesterol loss is a survival mechanism turned on by stress
conditions resulting in, among other consequences, increased TrkB
signaling (Martin et al., 2009). Because TrkB signaling robustness
involves receptor clustering within DRMs, (Suzuki et al., 2004;
Pereira and Chao, 2007; Assaife-Lopes et al., 2010) we tested the
hypothesis that clustering in cells with low cholesterol neurons
was provided by a compensatory rise in SM, an essential lipid, to
confer detergent insolubility to membranes. In agreement with the
prediction we showed, first, that neuronal terminal differentiation
is accompanied by an increase in the levels of SM; second, that
addition of SM to young neurons triggered the activation of TrkB;
and third, that inhibition of SM synthesis in mature cells reduced
the levels of active TrkB. That this mechanism is operative in vivo
is suggested from experiments performed in mice lacking the
gene encoding acid sphingomyelinase. These mice present high
levels of SM at an early stage, and TrkB activity is higher than in
wild-type counterparts (Galvan et al., 2008). Considering that, in
all our experiments, increases in SM did not lead to a concomitant
decrease in cholesterol levels (Fig. 3E and supplementary material
Fig. S1), the evidence suggests that the increase in the ratio of SM
to cholesterol (which normally occurs during maturation and
aging) is an important factor in promotion of TrkB
phosphorylation. This ratio-based mechanism could explain why
addition of cholesterol to mature neurons reduces TrkB activity
(Martin et al., 2008).

The above supposition appears contrary to the established
concept that cholesterol and SM levels are coordinately regulated
to maintain a constant ratio (Gupta and Rudney, 1991; Scheek et
al., 1997; Slotte and Bierman, 1988; Slotte et al., 1989). This
mechanism does not seem to be operative during neuronal
maturation, as demonstrated by the fact that as these cells mature
and age, the ratio of SM to cholesterol is changed. The reason for
this might lie in the way that neurons control cholesterol and lipid
metabolism. In fact, during terminal differentiation the transcription
of the cyp46A1 gene responsible for cholesterol loss is increased
(Martin et al., 2008). Also, others have demonstrated the
upregulation of the cyp46 gene by reactive oxygen species, which
certainly accumulate once synaptic activity is established and also
over time in neurons (Martin et al., 2009; Sodero et al., 2010). It
is possible that different factors that accumulate during neuronal
activity (e.g. reactive oxygen species and by-products of oxidative
metabolism) could trigger cholesterol elimination and SM synthesis,
resulting in an increased SM to cholesterol ratio. Whether this is a
general mechanism that could be applied to all types of fully
differentiated cells (whether in quiescence or senescence) or if it is
essential only for neurons or even neuronal subpopulations is a
matter that requires further investigation. In any event, this study
demonstrates the existence of a pathway that assures TrkB activity
under stressful situations, which could be used in parallel to BDNF.
This pathway apparently operates through the increase in the levels
of SM in the plasma membrane and, by virtue of this, in the
activation of an extra-internalization pathway for this receptor. In
fact, TrkB is internalized by a dynamin-mediated process under
steady-state levels and also by a Rac1-mediated process when the

Fig. 6. Rac1 activity is required to promote TrkB phosphorylation in SM-
treated neurons. (A)Immunofluorescence images show that SM-treated
neurons overexpressing the dominant-negative form of Rac1 (RacN19),
identified by GFP marker, present 62% lower levels of phospho-TrkB (red)
compared to untransfected cells. No reduction in phospho-TrkB levels was
observed in neurons that overexpress the dominant-negative form of RhoA
(RhoN19). (B)Quantification of immunofluorescence images shown in A.
Bars represent mean ± s.d. of at least three independent experiments.
***P<0.001 using Student’s t-test.
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levels of SM increase. In addition, our data suggest that high
plasma membrane SM causes an increase, by a mechanism still to
be defined, in the amount of active receptor at the surface. The
increased internalization of TrkB under high SM conditions reported
here might not be relevant for other proteins. Previous work has
shown that GPI-anchored proteins are more poorly endocytosed
under conditions of high neuronal SM (Galvan et al., 2008). It is
possible that the differences are protein-specific and that those
with natural preference to partition in DRMs (like GPI-anchored
proteins) are more strongly retained by the excess of this lipid. All
in all, our work defines how a lipidic change accompanying
neuronal aging might contribute to an increase in the signaling
strength of an essential neurotrophin receptor.

Materials and Methods
Cell culture and reagents
Primary cultures of rat embryo hippocampal neurons were prepared as previously
described (Kaech and Banker, 2006). For biochemical analysis, 105 cells were plated
into 3-cm plastic dishes coated with poly-L-lysine (0.1 mg/ml) and containing
minimal essential medium with N2 supplements (MEM-N2). Neurons were kept
under 5% CO2 at 37°C.

Mice
A breeding colony of ASM heterozygous C57BL/6 mice (Horinouchi et al., 1995),
kindly donated by Edward H. Schuchman (Mount Sinai School of Medicine, New
York, NY), was established. The experiments were performed by comparing
littermates of wild-type or ASMKO mice (4 months of age); the genotype was
determined from genomic DNA in a PCR reaction.

Cell treatments and transfections
To decrease membrane sphingolipids, Fumonisin B1 (Sigma-Aldrich) was added at
a final concentration of 25 mM every 48 hours over 5 days, starting from 14 DIV
neurons (Harel and Futerman, 1993; Ledesma et al., 1999; Ledesma et al., 1998).
SM (bovine brain, ≥97.0%; Sigma-Aldrich) was dissolved in ethanol (50 mM stock
solution) and added to the neuronal medium at a final concentration of 50 mM. Cells
were incubated overnight at 37°C (Ledesma et al., 1998). Non-hydroxy fatty acid
ceramide from bovine brain (Sigma-Aldrich) was dissolved in choloform (10 mg/ml
stock solution) and added to the medium at a final concentration of 20 mM or 50
mM. Cells were incubated overnight at 37°C (de Chaves et al., 2001; Stoica et al.,
2005; Stoica et al., 2003; Toman et al., 2002).

Plasmids expressing the dominant-negative forms of small GTPases were obtained
by cloning of either N17 Rac or N17 cdc fragments (Ridley et al., 1992) into
pEGFP-C3 vector (Clontech) via EcoRI/SalI restriction sites. For transfection, a
calcium phosphate precipitation protocol was used (Kohrmann et al., 1999). Neurons
grown on 15-mm coverslips were transferred to 3.5-cm dishes containing 2 ml of
conditioned medium. Plasmid DNA (3 mg) was dissolved in 60 ml of 250 mM CaCl2.
A 2� concentration of BBS (280 mM NaCl, 1.5 mM Na2HPO4, and 50 mM N,N-
bis[2-hydroxyethyl]-2-aminoethanesulfonic acid, pH 7.05) was added slowly, and
the precipitate was allowed to form for 5 minutes. This solution was added to the
cells, and the dishes were incubated for 1–2 hours at 37°C and 2.5% CO2. Cells were
then washed twice in HBS (135 mM NaCl, 20 mM HEPES, 4 mM KCl, 1 mM
Na2HPO4, 2 mM CaCl2, 1 mM MgCl2, and 10 mM glucose, pH 7.05) before the
original growth medium was added. Analysis of transfected cells was performed 24
hours after the transfection.

Protein extract and membrane preparation
Extracts from mice hippocampi were prepared in 25 mM MES pH 7.0, 5 mM DTT,
2 mM EDTA, protease inhibitor cocktail, 1 mM sodium orthovanadate and 1 mM
sodium fluoride using a Dounce homogenizer and ten passages through a 24-gauge
syringe needle. Hippocampal neurons were scraped in the same buffer and
homogenized by ten passages through a 24-gauge syringe. The samples were
centrifuged for 10 minutes at 1000 g and the supernatants were considered as total
extracts. A further centrifugation was performed at 66,000 g for 1 hour at 4°C to
pellet the membrane fraction. Protein concentration was quantified by the BCA
method (Bio-Rad).

Isolation of detergent-resistant membranes
DRMs were prepared by treating either total extracts or membrane preparations with
1% Triton-X 100 in 25 mM MES pH 7.0, 5 mM DTT, 2 mM EDTA, protease
inhibitor cocktail, 1 mM sodium orthovanadate and 1 mM sodium fluoride, at 4°C
for 1 hour with shaking. The DRM pellet was obtained by centrifugation at 66,000
g for 1 hour at 4°C and resuspended in 1� Laemmli sample loading buffer, or used
for lipid extraction.

Western blotting and antibodies
Proteins separated by PAGE were transferred to nitrocellulose membranes at 100 V
for 1 hour and probed with a polyclonal rabbit anti-Trk (Cell Signaling Technology),
and anti-pTrk (SantaCruz Biotechnology). Species-specific peroxidase-conjugated
secondary antibodies were subsequently used to perform enhanced
chemiluminescence detection (Amersham ECL Western Blotting; GE Healthcare,
Little Chalfont, UK). Quantification was done by densitometry of the images using
the NIH ImageJ software.

Lipid determination
Lipid extracts were prepared from synaptosomes isolated as described previously
(Dunkley et al., 2008), from DRM pellets or from monolayers, the latter scraped in
methanol (Van Veldhoven and Bell, 1988), as described (Bligh and Dyer, 1959).
Extracts were analyzed either directly or following TLC (silica 60G; solvent
chloroform/methanol/formic acid 65/25/10, v/v) for phospholipid organic phosphate
(Van Veldhoven and Bell, 1988), SM organic phosphate (Van Veldhoven and Bell,
1988) or choline content.

For a qualitative SM determination, lipid extracts were subjected to a double
development. Thefirst solvent was chloroform/acetone/acetic acid/methanol/water
(50:20:10:10:5) to separate phospholipids and the second solvent was hexane/ethyl
acetate (5:2). After drying, the plate was sprayed with 7% sulfuric acid and heated
at 150°C, followed by scanning of the areas corresponding to SM. Cholesterol was
measured in membrane pellets, resuspended in 1� PBS containing 0.2% SDS, using
the Amplex Red Cholesterol Assay Kit (Molecular Probes).

Immunofluorescence microscopy
For cytoimmunochemical detection of SM, neurons on glass coverslips were washed
twice in 1� PBS and then fixed with 4% paraformaldehyde/sucrose. After three
washes in PBS, neurons were incubated with 0.1 ug/ml Lysenin (PeptaNova) in PBS
overnight at 4°C in a humidified chamber. The surface distribution of SM was
detected with anti-Lysenin antibody (PeptaNova) and species-specific FITC-
conjugated secondary antibody.

For the fluorescence internalization assay, hippocampal neurons were labeled for
10 minutes at 37°C with an antibody directed against the extracellular region of
TrkB receptor. After washes in PBS, neurons were incubated at 37°C in conditioned
growth medium containing pharmacological agents for 30 minutes. Dynasore (Sigma)
was added at final concentration of 80 mM and Rac inhibitor NSC23766 (Calbiochem)
was added at final concentration of 200 mM as indicated (Gao et al., 2004; Rex et
al., 2009). Neurons were fixed for 10 minutes with 4% paraformaldehyde/sucrose
without permeabilization, and stained with species-specific FITC-conjugated
secondary antibody for 1 hour at room temperature, to visualize prelabeled surface
receptor. Then cells were permeabilized for 1 minute in 100% methanol at –20°C
and stained with TRITC-conjugated secondary antibody for 1 hour at room
temperature, to visualize prelabeled internalized receptors. The internalization rate
was quantified by the ratio of red intensity (indicative of internalization) to total (red
+ green) fluorescence intensities using the NIH ImageJ software (Bhattacharyya et
al., 2009; Lee et al., 2000).

To analyze the activity of the TrkB receptor, fixed neurons were labeled with an
antibody against phospho-TrkB. Quantification was performed using the NIH ImageJ
software, and signal intensity was normalized by area.

Rac1 activity assay
To determine the amount of active Rac1 in either control or SM-treated neurons, a
Rac Activation Assay Kit (Cell Biolabs) was used. Active Rac1 from fresh cellular
homogenates was column-purified by affinity to its downstream effector p21-binding
domain of p21-activated protein kinase. Active Rac1 was eluted from the column
and analyzed by western blot using anti-Rac1 antibodies provided in the kit.
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