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Abstract
The insertion and removal of N-methyl D-aspartate (NMDA) receptors from the synapse are
critical events that modulate synaptic plasticity. While a great deal of progress has been made on
understanding the mechanisms that modulate trafficking of NMDA receptors, we do not currently
understand the molecular events required for the fusion of receptor containing vesicles with the
plasma membrane. Here we show that sphingomyelin phosphodiesterase3 (also known as neutral
sphingomyelinase-2; nSMase2) is critical for TNFα-induced trafficking of NMDA receptors and
synaptic plasticity. TNFα initiated a rapid increase in ceramide that was associated with increased
surface localization of NMDA receptor NR1 subunits and a specific clustering of NR1
phosphorylated on serines 896 and 897 into lipid rafts. Brief applications of TNFα increased the
rate and amplitude of NMDA-evoked calcium bursts and enhanced excitatory postsynaptic
currents (EPSCs). Pharmacological inhibition or genetic mutation of nSMase2 prevented TNFα-
induced generation of ceramide, phosphorylation of NR1 subuints, clustering of NR1,
enhancement of NMDA-evoked calcium flux and EPSCs.

Introduction
Modifications in the number and complement of glutamate-sensing receptors in the
postsynaptic membrane are key mechanisms used to adjust synaptic strength. There is
abundant evidence that the trafficking of alpha-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptors is critical for long-term potentiation (LTP) and
long-term depression (LTD) of synaptic strength (see (Malinow & Malenka 2002, Song &
Huganir 2002, Bredt & Nicoll 2003) for reviews), and emerging evidence suggests that
trafficking of N-methyl-D-asparated (NMDA) receptors is also important for synaptic
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plasticity (Lan et al. 2001, Roche et al. 2001, Nong et al. 2003, Scott et al. 2004, Lavezzari
et al. 2004, Washbourne et al. 2004, Barria & Malinow 2002, Rao & Craig 1997, Quinlan et
al. 1999, Watt et al. 2000). Although the identification and characterization of protein
components involved in the trafficking of glutamate receptors has been an active and
productive area of research, there has been little progress in understanding how changes in
membrane lipid components affect the function and trafficking of glutamate receptors.
Recent experimental evidence suggests that up to 60% of NMDA receptors are located in
lipid rafts (Besshoh et al. 2005, Fullekrug & Simons 2004). These highly specialized
membrane domains enriched in sphingomyelin, ceramide, cholesterol and the ganglioside
GM1 are thought to play important roles in signal transduction by compartmentalizing
membrane proteins into focal signaling units (Bollinger et al. 2005). When the structure of
lipid platforms was disrupted by the removal of cholesterol, NMDA receptor currents and
associated calcium flux were reduced and neurons protected from ischemic and excitotoxic
insults (Frank et al. 2004, Abulrob et al. 2005). It has also been reported that cholesterol
depletion increased the basal internalization rate of AMPA receptors (Hering et al. 2003),
suggesting that one way in which lipid platforms may modulate receptor trafficking is by
stabilizing surface expression. However, it is not known if rapid changes in the metabolism
of raft-associated lipids modulate receptor trafficking under physiological conditions, nor
whether lipid metabolism is critically involved in synaptic plasticity.

The traffic of transmembrane receptors requires focal changes in the biophysical properties
of cellular membranes. For example, receptor internalization requires a focal invagination of
the plasma membrane, while the traffic of receptors to the cell surface requires a fusion of
receptor-laden vesicles with the plasma membrane. For these events to occur there must be
rapid changes in local lipid content that allow changes in shape and fusigenic properties of
membranes. Because ceramide has a high aggregation index, we hypothesized that a rapid
generation of ceramide may be involved in synaptic plasticity by modulating the fusion of
NMDA receptor containing vesicles with the plasma membrane. There are several lines of
evidence that suggest ceramide could be involved in the regulation of receptor trafficking
and synaptic plasticity. The cytokine TNF is a potent activator of sphingomyelin
phosphodiesterase 3 (SMPD3, also known as neutral sphingomyelinase 2; nSMase2) and
can modulate plastic events at the synapse. For example, an acute exposure of hippocampal
slices to TNF resulted in a rapid insertion of AMPA receptors and enhanced synaptic
transmission, whereas long-term exposure to TNF inhibited LTP (Tancredi et al. 1992,
Beattie et al. 2002). Additional evidence suggests TNF mediates homeostatic synaptic
scaling in hippocampal neurons, an activity-dependent refinement of neural circuitry that
involves, at-least in part, alterations in receptor content at synapses (Stellwagen & Malenka
2006). We therefore sought to determine if TNFα could modulate synaptic plasticity by
actions that involve nSMase2. The findings from our experiments suggest that TNF-induced
activation of nSMase2 and generation of ceramide are critical for NMDA receptor clustering
and synaptic plasticity in the hippocampus.

Methods
Cell Culture and Experimental Treatments

Hippocampal neuronal cultures were prepared from embryonic day 18 Sprague Dawley rats
using methods similar to those described previously (Haughey et al. 2004). Tissues were
dissociated by gentle tituration in a calcium-free Hank's balanced salt solution and
centrifuged at 1000 × g. Cells were resuspended in MEM media containing 10 % heat-
inactivated fetal bovine serum and 1% antibiotic solution (104 U of penicillin G/ml, 10 mg
streptomycin/ml and 25 μg amphotericin B/ml) in 0.9 % NaCl (Sigma). Neurons were plated
at a density of 200,000 cells/ml on 15 mm diameter poly-D-lysine coated glass coverslips.
Three hours after plating the media for hippocampal cultures was replaced with serum-free
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Neurobasal medium containing 1% B-27 supplement (Gibco). Immunofluorescent staining
for MAP-2 (neurons) showed that hippocampal cultures were > 98 % neurons; the remainder
of cells were predominantly astrocytes. Hippocampal cultures were used between 14 and 21
days in vitro.

Lipid extraction and measurement of sphingolipids, phospholipids and sterols
Total lipids from samples will be prepared according to a modified Bligh and Dyer
procedure (Shaikh 1994). Each sample was homogenized at room temperature in 10
volumes of deionized water, then in 3 volumes of 100% methanol containing 30 mM
ammonium acetate, and vortexed. Four volumes of chloroform were added and the mixture
vortexed and then centrifuged at 1,000g for 10 min. The bottom (chloroform) layer was
removed and analyzed by direct injection into an electrospray ionization tandem mass
spectrometer. Lipid extractions were performed using borosilicate-coated glass tubes,
pipettes, and injectors.

Electrospray ionization tandem mass spectrometry (ESI/MS/MS) analyses were performed
using methods similar to those used in previous studies (Haughey et al. 2004). Samples were
injected using a Harvard Apparatus pump at 15 μl/min into a Sciex API 3,000 triple stage
quadrupole tandem mass spectrometer from Sciex Inc. (San Francisco, CA) operated in the
positive mode. The ion spray voltage (V) was 5,500 at a temperature of 80°C with a
nebulizer gas of 8 psi, curtain gas of 8 psi, and the collision gas set at 4 psi. The declustering
potential was 80V, the focusing potential 400V, the entrance potential −10V, the collision
energy 30V, and a collision cell exit potential of 18V. The MS/MS was set to scan from 300
to 2,000 atomic mass units (amu) per second at a step of 0.1amu. Each species of
sphingolipids, phospholipids, and sterols was identified by a Q1 mass scan, then by
precursor ion scanning or neutral loss scanning of a purified standard. Samples were injected
into the ES/MS/MS for 3 min, where the mass counts accumulated and the sum of the total
counts under each peak were used to quantify each species. Sphingomyelins, ceramides,
cholesterol, and cholesterol ester standards C16:0, C18:0, C18:1, and cholesteryl-
arachidonate (C20:0) were purchased from Sigma. Ceramides C20:0, C24:0, C24:1,
phosphatidylcholine C16:0-C18:1, C18:0-C18:1, phospatidylethanolamine C16:0-C18:1,
phosphatidylglycerol C16:0-C18:1, phosphatidylserine C16:0-C18:1, phosphatidylinositol
C16:0-C18:1, and phosphatidic acid C16:0-C18:1 were purchased from Avanti Polar Lipids
(Alabaster, AL). Palmitoyl-lactosyl ceramide C16:0-C16:0, stearoyl-lactosyl-ceramide
C16:0-C18:0, lignoceryl-glucosyl-ceramide C16:0-C24:0, lignoceryl-galactosyl-ceramide
C16:0-C24:0, and stearoyl-galactosyl-ceramide-sulfate C18:1-C24:0 were purchased from
Matreya Inc. (Pleasant Gap, PA).

Immunofluorescence and confocal microscopy
Labeling of surface located NR1—was accomplished using procedures similar to those
published by other groups (Washbourne et al. 2004). In brief, neurons were exposed to
TNFα, IL-1, or IL-6 (50 − 100 ng/ml each) and the glass coverslips containing neurons were
incubated for 30 min at 15 °C in 5% CO2with a mouse monoclonal antibody against the
NR1 subunit of the NMDA receptor that recognizes an extracellular epitope in the region of
the amino-terminal amino acids 341−561 (R1JHL, 1:100. Affinity Bioreagents, Golden,
CO). During the last 10 min of incubation, a Cholera toxin subunit B (CT-B) conjugated
with Alexa Fluor 555 that binds the ganglioside GM1 was added (1 ng/ml; Invitrogen/
Molecular Probes Inc, Carlsbad, California). CTX-555 co-localizes with flotillin, a protein
that is known to be located in lipid rafts and ceramide, a sphingolipid that is enriched in lipid
rafts (Supplemental Fig 1A, B). Cells were then washed 3 times with ice cold PBS and fixed
with ice-cold 4% paraformaldehyde in PBS. Non-specific binding was blocked with 5%
normal goat serum in PBS, followed by a 2 h incubation at room temperature in PBS
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containing 2% normal goat serum with AlexaFluor 488 (1:2000; Invitrogen /Molecular
Probes, Carlsbad, CA).

For standard immunofluorescence—cell were fixed with ice-cold 4%
paraformaldehyde in PBS and membranes were permeabilized by incubation for 10 min in a
solution of 0.1% Triton X-100 in PBS then incubated for 1 h in blocking solution (2%
normal goat serum and 2% normal horse serum in PBS). Primary antibodies were added
overnight at 4°C and included: mouse monoclonal antibodies NR1-CT (Upstate,
Charlottesville, VA) and a rabbit polyclonal antibodies that recognize NR1S896, NR1S897
(1:500; Upstate, Charlottesville, VA), flotillin-1 (1:1000; Beckton Dickinson, Franklin
Lakes, NJ), ceramide (1:250; Sigma-Aldrech, St. Louis, MO). Cultures were washed with
PBS and then incubated for 2 h in the presence of appropriate fluorescently tagged anti-
mouse and anti-rabbit secondary antibodies (AlexaFluor 546 or 488; 1:2000 dilution;
Invitrogen/Molecular Probes, Carlsbad, CA). In some experiments, cultures were further
stained with propidium iodide or Hoechst 33342. For quantification of immunopositive
puncta on dendritic branches, images were acquired with a 100× objective lens using a Zeiss
axiovert 200 microscope equipped with an Orca CCD camera and Improvision imaging
software (Lexington, MA). Immunopositive puncta were counted along dendritic branches
and standardized to area. The criteria for a positive identification were that the puncta must
be clear and distinguishable in a single plane of focus. Co-localization was considered as
any amount of overlap (yellow) between AlexaFluor 555 (red) and AlexaFluor 488 (green).
To confirm co-localization, confocal images of serial z-stacks (0.38 μm optical slices) were
acquired using a Zeiss 510 CSLM microscope. Co-localization was confirmed in the
orthogonal views and quantified after 3D deconvolution of z-stacks using Zeiss's LSM
Image Examiner software.

Calcium imaging
Cytosolic calcium levels ([Ca2+]c) were measured using the Ca2+-specific fluorescent probe
Fura-2FF. Rat hippocampal neurons were incubated for 25 min at 37°C in Locke's buffer
(154 mM NaCl, 3.6 mM NaHCO3, 5.6 mM KCl, 1 mM MgCl2, 5 mM HEPES, 2.3 mM
CaCl2, 10 mM glucose) 2 μM Fura-2FF; pH 7.4. Neurons were washed with Locke's to
remove extracellular Fura-2 and incubated at 37°C for an additional 10 min to allow
complete de-esterfication of the probe. Coverslips containing Fura-2 loaded cells were
mounted in an imaging chamber and maintained at 37°C during perfusion (RC-26 chamber
and V8 channel controller; Warner Instruments, Hamden CT). Cells were excited at 340 and
380 nm, and emission was recorded at 510 nm with a video-based intrtacellular imaging
system (Intracellular Imaging Inc.). Image pairs were acquired at the rate of 3 images/sec
using a digital intensified CCD imaging system (Cooke Corp.). Rmax/Rmin were converted
to nM [Ca2+]c as described previously(Grynkiewicz et al. 1985) using reference standards
(Molecular Probes). N-methyl-D-aspartic acid (10 μM) + glycine (100 nM) was applied by
rapid perfusion in the presence of nifedipine (10 μM) to prevent depolarization-induced
activation of voltage sensitive calcium channels.

Slice Preparation and Electrophysiology
Hippocampal slices were prepared using procedures described previously (Wang et al.
2004). Briefly, transverse slices of whole brain were cut at a thickness of 350 μm and were
allowed to recover for at least 1 h in a holding chamber in artificial cerebral spinal fluid
(ACSF), bubbled with 95/5% (O2/CO2) at room temperature up to 6 h. Field potentials were
recorded from CA1 stratum radiatum using pipettes (1−3 MΩ) filled with bubbled ACSF,
placed in stratum radiatum in response to stimulation of Schaffer collateral/commissural
afferents. The stimuli (30 μs duration at 0.033 Hz) were delivered through fine bipolar
tungsten electrodes. A stimulation intensity was used that evoked a response that was
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approximately 30−40% of the maximum fEPSP and LTP was induced by high frequency
stimulation (HFS, 100 Hz 1 s). Whole-cell excitatory postsynaptic currents (EPSC) were
recorded from CA1 pyramidal neurons. Whole-cell patch clamp recordings of excitatory
postsynaptic currents (EPSCs) from CA1 pyramidal cells were performed by visualization of
the cells with a 40× water immersion lens (2 mm working distance). Voltage steps from −60
to +40 mV were applied for recording NMDAR component of EPSCs. All recording
solutions for LTP studies contained 50 uM picrotoxin to block GABAA activity with or
without CNQX (10 μM) or DL-AP5 (100 μM). The series resistance was 8 to 14 MΩ, as
measured directly from the amplifier, the mean input resistance was 118 ± 10 MΩ and the
mean resting membrane potential was −66 ± 5 mV. Patch-clamp electrodes, with a typical
resistance of 3−5 MΩ, were filled with a solution containing (mM): potassium gluconate,
130; KCl, 10; EGTA, 10; CaCl2, 1; MgCl2, 3; Hepes, 20; Mg-ATP, 5; Na-GTP, 0.5; QX
314, 10; pH 7.2 (the osmolality was adjusted to 280 mmol/kg). The input resistance was
monitored continuously, and the recording terminated if it varied by more than 10%. Data
were considered valid only when the following criteria were met: a resting membrane
potential of at least −60 mV, a high input resistance (at least 100 MΩ), and a steep input-
output curve obtained with a low stimulation intensity. Data were collected and analyzed
using an Axopatch 200B and pCLAMP 8 software (Axon Instruments). All signals were
recorded and filtered at 2 kHz and digitized at 10 kHz. All slices were pre-selected; only
those with a steep input–output curve were included in the study. During recording, slices
were maintained at 30−32 °C.

Results
TNFα rapidly increases the ceramide content in neurons

To investigate if nSMase2 can trigger the insertion of NMDA receptors into the plasma
membrane by modification of sphingolipid content, we first stimulated primary hippocampal
neurons with TNFα, a cytokine that is known to rapidly increase nSMase2 activity in a
variety of cell types including neurons (Sortino et al. 1999b, Kronke 1999b, Oral et al. 1997,
Chatterjee 1994). Initial dose response experiments ranging from 10 − 100 ng/ml TNFα
showed that 50 ng/ml of TNFα was the minimal dose that consistently increased ceramide
levels in our cultured neurons (data not shown). We therefore used a dose of 50 ng/ml TNFα
in subsequent experiments. TNFα induced a rapid and transient increase of long-chain
ceramides that peaked at 2 min and began to return to baseline values within 5 min,
consistent with previous reports that TNFα can activate nSMase2 in seconds with peak
activity at 1.5 min (Fig. 1A) (Wiegmann et al. 1994). IL-1 and IL-6 did not alter ceramide
levels in neurons (data not shown) and TNFα did not alter cholesterol, phosphoinositol,
phosphatidylcholine or phosphatidylethanolamine levels within the 5 min test period
(Supplemental Fig. 2A-E). TNF-α-induced increases of ceramide were reduced by pre-
treating neurons with the nSMase2 inhibitor GW4869 (10 μM), but not by inhibiting the de
novo synthesis of ceramide with ISP-1 (10 μM; Fig. 1B). GW4869 attenuated TNFα-
induced increases of ceramide by 84%-C16:0, 95%-C18:0, 89%-C20:0, 52%-C22:0 and
90%-C24:0.

TNFα induces NR1 trafficking into lipid rafts
Using a fluorophore-conjugated peptide that recognizes an extracellular domain of NR1
(Luo et al. 1997) we first determined that a 2 min treatment with TNFα doubled the number
of surface located NR1 from 0.97 ± 0.16/μm2 to 1.8 ± 0.29/μm2. These newly integrated
receptors appeared as clusters along the length of dendrites (Fig. 2A, B).

We next sought to determine if the clustering of NR1 occurred in the highly ordered
gangloside-, sphingomyelin- and ceramide-rich membrane domains known as lipid rafts.
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Although we found no increase in the fraction of total NR1 that associated with GM1+ lipid
rafts, a 2 min pulse with TNFα did increase the fraction of NR1 phosphorylated on serine
896 (NR1S896) that located to GM1+ lipid rafts by four-fold (Fig 2C, D), consistent with
evidence that phosphorylation is associated with a redistribution of NR1 to lipid rafts
(Besshoh et al. 2005) and evidence that NR1S896 is important for clustering and surface
localization of NR1 (Tingley et al. 1997). Similar results were obtained when TNFα-
stimulated cells were immunostained for NR1 phosphorylated on serine 897 (data not
shown), a residue that is also known to be important for the surface localization of NR1
(Tingley et al. 1997). However, TNFα-stimulation did not alter the fraction of NR1 subunits
phosphorylated on serine 890 that co-localized with GM1 (Supplementary 3A), consistent
with data that suggest phosphorylation of this residue is not critical for surface localization
of NR1 (Tingley et al. 1997). The ability of TNFα to promote the surface localization and
clustering of NR1 was specific to this cytokine as IL-1β and IL-6 did not alter the fraction of
NR1S896 that co-localized with GM1 at any time during the 5 min test period (Supplemental
Fig 3B, C). TNFα-induced clustering of NR1S896 into lipid rafts was confirmed using 3D
deconvolution of z-stack fluorescence images quantified using Pearson's correlation of the
colocalization coefficient (Fig. 3A-C) and by density gradient centrifugation coupled with
immunoblot analysis to track the cellular location of NR1S896 (Fig. 3D).

We next determined if TNFα promoted the clustering of NR1S896 into lipid rafts by a
mechanism dependent on nSMase2. Neurons were pre-treated with GW4869 (a nSMase2
inhibitor), or ISP-1 (an inhibitor of de novo ceramide synthesis) and pulsed with TNFα for 2
min. GW4869, but not ISP-1 reduced the number NR1S896 that clustered into GM1+ lipid
rafts following TNFα stimulation (Fig. 4A). To confirm the involvement of nSMase2 we
cultured neurons from mice with a deletion in the gene coding for nSMase2 (fro/fro mice)
(Aubin et al. 2005). TNFα- induced clustering of NR1S896 with GM1 was slightly reduced
in +/fro mice and absent in fro/fro mice compared with cultures from wild-type mice (Fig
4B). These data suggest that TNFα-induced clustering of NR1S896 requires nSMase2.

Based on findings that TNFα increased the area of lipid rafts (Fig 5A, B) we though it
possible that simply increasing the ceramide content of neuronal membranes could increase
raft area and promote clustering of NR1S896. To test this hypothesis we increased the area of
lipid rafts by enhancing de novo ceramide synthesis with the ceramide precursor palmitoyl
CoA. It is important to note that increasing de novo ceramide increases ceramide content in
multiple cellular membranes over several hours. This is in contrast to nSMase which can be
induced to translocate to the inner surface of the plasma membrane where ceramide can be
generated at focal points with peak activity in 1.5 minutes (Levy et al. 2006, Visnjic et al.
1999, Clarke et al. 2008). Palmitoyl CoA increased the size of lipid rafts from 169 ± 19 to
209 ± 35 nm2, similar to the increase induced by TNFα, but the fraction of NR1S896 that was
associated with GM1+ lipid rafts was 3.6 ± 1.6%, similar to the basal amount of 3.5 ± 2.5 %
(Fig. 5B, C). Thus, increasing the ceramide content of cells was sufficient to increase lipid
raft size, it was not sufficient to enhance the insertion of NR1S896 into lipid rafts. However,
we did observe a synergistic effect on NR1S896 clustering when cultures were pre-
conditioned with palmitoyl CoA and then stimulated for 2 min with TNFα. Under these
conditions, the fraction of NR1S896 that was associated with lipid rafts doubled from 6.6 ±
3.8% in non-conditioned cultures treated with TNFα, to 11.3 ± 6.8% in cultures pre-treated
with palmitoyl CoA before TNFα (Fig. 5C).

Diacylglycerol and nSMase2 are required for membrane fusion
Our findings suggest that TNFα promotes the insertion of NR1S896 into lipid rafts by a
mechanism this is dependent on nSMase2-mediated generation of ceramide. Since this event
would require the fusion of NMDA receptor containing vesicles with the plasma membrane
we next determined whether ceramide could directly mediate membrane fusion. Vesicles
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were created from crude rat cortical lipid extract, or a 1:1:1:1 ratio of phosphatidylcholine,
sphingomyelin (C24:0), phosphatidylethanolamine and cholesterol. Fluorescence resonance
energy transfer (FRET) was used to detect when NBD-PE containing vesicles fused with
rhodamine DHPE-labeled vesicles. Surprisingly, direct additions of nSMase2 only resulted
in a small amount of vesicle fusion (Fig 6A), suggesting that the generation of ceramide was
not sufficient to promote membrane fusion. Based on findings that TNFα can increase
diacylglycerol (DAG) via the phospholipase C pathway(Schutze et al. 1995,Schutze et al.
1991), we hypothesized that DAG may be required to modify the membrane and create a
fusion point. Consistent with this notion, we found that TNFα increased DAG levels in a
time frame similar to ceramide (data not shown). Moreover, while the addition of PLC (to
hydrolyze phosphatidylcholine to DAG) induced only a small amount of fusion, the
simultaneous addition of PLC and nSMase2 robustly increased fusion by 135.7 ± 2.0% at 5
min, and 151.9 ± 1.8% at 10 min, compared with the vehicle control. TritonX-100 (0.1%)
was added at the end of each experiment as a positive control for fusion and heat-inactivated
nSMase2 and PLC were used as controls (Fig. 6A-B). We interpret these findings to suggest
that a dual generation of DAG and ceramide are required for efficient membrane fusion.

Enhanced NMDA receptor function by nSMase2-dependent trafficking
We next measured how the kinetics of NMDA receptor function are modified when
NR1S896 is clustered into lipid rafts by treating neuronal cultures with TNFα for 2 min and
measuring calcium and electrophysiological responses evoked by NMDA applications.
Calcium flux was measured in ∼ 1.0 μm2 regions along dendritic branches at the rate of 3
images/sec. We categorized NMDA-evoked calcium responses based on amplitude into high
(greater than 1000 nM), medium (500−100 nM) and low (less than 500 nM). Following a 2-
minute treatment with vehicle 4.0 ± 4.7 % of NMDA-evoked calcium responses were of
high amplitude, 4.2 ± 1.6 % were in the medium range and the remaining 91.0 ± 7.3% were
low amplitude (Fig. 7A, C). A 2 minute treatment with TNFα increased the fraction of high
amplitude NMDA-evoked calcium responses to 20.2 ± 7.6 %, with 19.4 ± 4.4 % in the
medium range and 60.5 ± 7.7% low amplitude, (Fig. 7B, C). TNFα also increased the
frequency of NMDA-evoked calcium bursts from 0.67 ± 0.03 peaks/sec to 1.60 ± 0/05
peaks/sec (Fig 7D). Inhibition of nSMase2 with GW4869 prevented TNFα from enhancing
the rate of NMDA-evoked calcium bursts and increasing the relative number of high
calcium response regions on neurites (Fig. 7C, D).

As a final functional measure of the requirement for nSMase2 in TNFα-induced clustering
and surface localization of NR1, we recorded EPSCs in acute rodent hippocampal acute
slice preparations. A 2 min perfusion with TNFα enhanced the NMDA-evoked current
recorded from CA1 pyramidal cells to 115 ± 8.89% at +40mV (Fig 8A, B). A1 h pre-
incubation with the nSMase2 inhibitor GW4869 blocked the ability of TNFα to enhance
NMDA (103 ± 5.64%), while ISP-1, a potent inhibitor of de novo sphingolipid biosynthesis,
did not prevent TNFα-induced enhancement of NMDA-evoked EPSCs (117 ± 5.18%; Fig.
8A, B). BSA (0.1 %), used to assist in the solubility of GW4869 and ISP-1, did not alter
NMDA currents (101 ± 8.15%; data not shown). To confirm that TNFα-induced
modification of NMDA currents involves nSMase2, we recorded currents in acute
hippocampal slice preparations from mice containing a deletion in the gene encoding
nSMase2 (fro/fro) and their wild type (+/+) littermates. In +/+ mice a 2-minute perfusion
with TNFα enhanced the NMDA-evoked current recorded from CA1 pyramidal cells to 118
± 6.8% at 40 mV (Fig 8C). In +/fro mice, the NMDA-currents were 108 ± 6.8% and in fro/
fro mice TNFα did not alter NMDA-currents (101 ± 4.3%; Fig. 8C). Thus, TNFα-induced
modification of whole-cell NMDA receptor currents required nSMase2.
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Discussion
Recent work has demonstrated that NMDA receptors undergo rapid insertion and removal
from neuronal membranes (Barria & Malinow 2002, Roche et al. 2001, Nong et al. 2003,
Scott et al. 2004, Lavezzari et al. 2004, Washbourne et al. 2004). Our understanding of the
mechanisms that regulate these endocytotic and exocytotic events have come primarily from
the discovery and functional analysis of complex protein-protein interactions involved in the
removal and insertion of receptors at the plasma membrane (see Perez-Otano & Ehlers 2005
for a review). While a great deal of progress has been made in understanding the molecular
mechanisms that regulate NMDA receptor trafficking, it is currently unknown how receptor-
laden vesicles become fused with the plasma membrane to allow for receptor insertion. Our
findings suggest that a rapid and specific reorganization of the lipid content at focal points in
the plasma membrane may be necessary for the phosphorylation and trafficking of NR1 to
the surface of plasma membranes.

We found that stimulation of neurons with TNFα increased the phosphorylation of NR1 on
serine 896 and 897 that clustered into lipid rafts. Phosphorylation of NMDA receptor
subunits is one mechanism that can regulate receptor trafficking (see Swope et al. 1999 for a
review). The C-terminal of NR1 contains three serines (890, 896, 897) that when
phosphorylated can differentially regulate NMDA receptor trafficking. Protein kinase C
(PKC) phosphorylates NR1 serine residues 890 and 896, while cAMP-dependent protein
kinase (PKA) phosphorylates serine residue 897 of the NR1 subunit (Tingley et al. 1997).
Phosphorylation of serine 890 by PKC results in the dispersion of surface-associated clusters
of the NR1 subunit. This PKC-induced redistribution of the NR1 subunit occurs within
minutes of serine 890 phosphorylation and is reversed upon dephosphorylation (Tingley et
al. 1997). Dual mutations in serine 896 and 897 that mimic the phosphorylated state increase
the surface localization of NR1 (Tingley et al. 1997) suggesting that the coordinated activity
of PKC and PKA are required for surface location of NR1. Interestingly, we found that
pharmacological inhibition or genetic mutation in nSMase2 inhibited the ability of TNFα to
increase the phosphorylation of NR1 on serine 896 or to promote the clustering of these
modified subunits into lipid rafts. These findings suggest that a rapid and focal generation of
ceramide may shift the composition of membrane lipids to bring PKC and PKA into close
proximity with NR1. However, it is not clear at this time if these events are the result of
lateral diffusion of kinases and membrane docked receptors, or a translocation of one or both
components to the plasma membrane following TNFα stimulation. Adding to the complexity
of these events are recent data that suggest PKC also controls the translocation and
activation of nSMase2 (Visnjic et al. 1999, Clarke et al. 2008). Thus, PKC may serve dual
roles that promote the translocation of nSMase2 to the plasmamembrane while mediating
phosphorylation of NR1. There may also be a biochemical preference for the localization of
NR1 phosphorylarted on serines 896 and 897 to lipid rafts where the lipid composition can
be rapidly modified to favor the fusion of receptor-laden vessicles with the plasma
membrane. Under basal conditions, when two membranes are in opposition, the polar head
groups of the component lipids exert a repulsive force and are not likely to spontaneously
fuse. Our findings demonstrate that a rapid and focal generation of DAG and ceramide can
trigger the fusion of vesicles and insertion of NR1 phosphorylated on serines 896 and 897
into lipid rafts. Based on the biophysical properties of DAG, it is likely that that the
generation of this lipid component serves to destabilize the membranes and creates a fusion-
point. A rapid generation of ceramide would then mediate fusion by increasing the relative
volume of carbon chains over hydrophilic head-groups thus enhancing the hexagonal II
phase propensity of the membranes (Kronke 1999a). In addition to enhancing membrane
fusion, the protrusion of ceramide alkyl chains may interact with the hydrophobic pocket on
NR1 to promote receptor clustering (Kronke 1997).
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Our functional studies demonstrate that nSMase2 is critical for TNFα-induced enhancement
of NMDA-evoked focal calcium bursts and EPSCs, suggesting that a rapid and focal
generation of ceramide may be critical for certain forms of synaptic plasticity. Thus, stimuli
that increase the activity of nSMase2 in neurons including TNFα, Fas ligand and NGF
(Sortino et al. 1999a, Castiglione et al. 2004, Sanchez-Alavez et al. 2006, Brann et al. 1999)
may modulate synaptic plasticity by controlling the insertion of NR1 into the postsynaptic
membrane. Indeed, recent findings have shown that TNFα is involved in the homeostatic
activity-dependent regulation of synaptic connectivity (Stellwagen & Malenka 2006), and
NGF is known as modulator of synaptic strength (Kang & Schuman 1995a, Kang &
Schuman 1995b). There is however, evidence that TNFα may impair synaptic plasticity in
models of Alzheimer's disease, in which the length of TNFα stimulation is considerably
longer, mimicking pathological conditions (see (Rowan et al. 2007). The rapid versus long-
term effects of TNFα on synaptic plasticity may have important consequences for the
development of TNF receptor antagonists as neuroprotective therapeutics (Tracey et al.
2008).

In addition to critical roles for nSMase2 and ceramide in some types of synaptic plasticity,
there are potential implications for disruptions in sphingolipid metabolism in the
pathogenesis of neurodegenerative diseases. For example, dysfunctions in sphingolipid
metabolism with accumulations of ceramide have been recently reported in Alzheimer's
disease, amyotrophic lateral sclerosis and HIV-associated dementia (Cutler et al. 2002,
Cutler et al. 2004, Haughey et al. 2004). A prolonged increase in the ceramide content of
neuronal membranes may perturb NMDA receptor trafficking and could increase the
susceptibility of neurons to excitotoxic death by locking NMDA receptors at the
plasmamembrane for prolonged periods of time. Thus, therapeutics designed to attenuate the
activity nSMase2 may preserve neuronal function by stabilizing NMDA receptor trafficking
under pathological conditions.
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Figure 1. TNFα rapidly increases sphingomyelin and ceramide levels in hippocampal neurons
A Hippocampal neurons were treated with vehicle or TNFα (50 ng/ml) and lysed with
ddH2O at the indicated times. Lipids were extracted and analytes were detected and
quantified by ESI/MS/MS. Sphingomyelin C16:0, C18:0, C20:0, C22:0 and C24:0 steadily
increased from 1 to 5 min. Ceramide C16:0, C18:0, C20:0, C22:0 and C24:0 increased from
1 to 2 min and began to decrease toward baseline values within 5 min. B. A pre-incubation
of neurons with the nSMase2 inhibitor GW4869 (10 μM), but not the serine
palmitoyltransferase inhibitor ISP-1 (10 μM), prevented TNFα from increasing cellular
ceramide content. GW4869 attenuated TNFα-induced increases of ceramide by 84%-C16:0,
95%-C18:0, 89%-C20:0, 52%-C22:0 and 90%-C24:0. Only the 2 min TNFα-treatment
timepoint is shown. Data are mean ± S.D. * = p < 0.05, ** = p < 0.01, *** = p < 0.001.
Two-way ANOVA with Tukey post hoc comparisons.
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Figure 2. TNFα increases surface expression of NR1 and promotes the clustering of NR1S896
into lipid rafts
Hippocampal neurons were treated with vehicle or TNFα (50 ng/ml) for 2 min and
endogenous surface expression of NR1 was detected using the peptide R1JHL (recognizes
an extracellular domain of NR1) conjugated to AlexaFluor 488. A. TNFα increased the
surface expression of NR1, which appeared in clusters along dendritic branches. B.
Summary data are mean ± S.D./area from a minimum of 21 dendrites derived from three
separate experiments. ***p < 0.001. Two-way ANOVA with Tukey post hoc comparisons.
C. Hippocamapal neurons were treated with vehicle or TNFα (50 ng/ml) for 0 to 5 min and
NR1 were visualized using a phosphospecific antibody that recognizes NR1 phosphorylated
on serine 896 (NR1S896). Lipid platforms were identified using AlexaFluor 555-cholera
toxin that binds the gangloside GM1. Shown are images of hippocampal dendrites
immunopositive for NR1S896 (green) and GM1 (red). Co-localized immunopositive puncta
are yellow in the merged images. D. TNFα did not alter the number of GM1+ domains or
total number of NR1S896 during the 5 min test period, but increased the number of GM1+/
NR1S896+ dual positive sites from 0.5 to 2 min. Data are mean ± S.D./area of a minimum 15
dendrites/condition derived from 3−4 separate experiments. Scale bar = 10 μm. ** = p <
0.01, *** = p < 0.001. Two-way ANOVA with Tukey post hoc comparisons.
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Figure 3. NR1S896 is colocalized to lipid rafts following a 2 min treatment with TNFα
Cultures of hippocamapal neurons were treated with vehicle or TNFα (50 ng/ml) for 2 min.
Surface localized NR1 were visualized using a phosphospecific antibody that recognizes
NR1S896. Lipid platform regions were identified by AlexaFluor 555-CTX that binds the
ganglioside GM1. A. Confocal images of dendritic branches showing staining of GM1+
lipid rafts (red) and NR1S896 (green) and the orthogonal views. The images are maximal
projection stacks of confocal z-series from fixed hippocamal neurons at rest (0 min), after
treatment with vehicle for 2 min and after treatment with TNFα (50 ng/ml) for 2 min. B.
Quantification of fluorescence showing that TNFα increases the amount of NR1S896 that
colocalized with GM1; note that the correlation coefficient analysis was done on 3D
reconstructed images. * = p < 0.05 Students T-test. C. Neuronal cultures were treated with
vehicle or TNFα (50 ng/ml) for 2 min and Triton-X-100 soluble membrane rafts were
isolated and separated by density centrifugation with OptiPrep™. NR1S896 and flotillin-1 (a
protein known to be enriched in lipid rafts) were then detected by Western blot. The location
of flotillin to fractions 3 and 4 was similar in vehicle and TNFα-treated cultures. The
location of NR1S896 shifted from fraction 7 in vehicle-treated cultures to fraction 4 in
cultures exposed to TNFα for 2 min.
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Figure 4. TNFα-induced clustering of NR1S896 into lipid rafts is dependent on nSMase2 activity
A. Hippocampal neurons were pre-treated with the nSMase2 inhibitor GW4869 (10 μM) or
the serine palmitoyltransferase inhibitor ISP-1 (10 μM) then exposed to TNFα for 2 min.
GW4869, but not ISP-1 prevented TNFα from increasing the clustering of NR1S896 into
GM1+ lipid rafts. Data are mean ± S.D. from a minimum 21 dendrites/condition derived
from 3 separate experiments. B. TNFα (50 ng/ml) induced clustering of NR1S896 into GM1+
domains in wt/wt mouse hippocampal cultures was slightly reduced in cultures from wt/fro
mice and was not different from vehicle controls in neurons cultured from fro/fro mice. ###
= p < 0.001 compared with vehicle and *** = p < 0.001 compared with TNFα or +/+. Two-
way ANOVA with Tukey post hoc comparisons.
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Figure 5. Increasing ceramide content by de novo synthesis was not sufficient to increase
clustering of NR1S896 with lipid rafts
A. Hippocamapal neurons were treated with vehicle or TNFα (50 ng/ml) for 0 to 5 min (the
2 min time point is shown) and lipid raft regions were visualized using AlexaFluor 555
conjugated cholera toxin that binds the ganglioside GM1. B. Quantitative summary of
GM1+ lipid rafts showing that a 2 min treatment with TNFα or a 24 h treatment with the
ceramide precursor palmitoyl-CoA increase the average size of lipid rafts. C. Quantitative
summary of NR1S896 colocalized with GM1+ lipid rafts shows that a 2 min treatment with
TNFα, but not a 24 h treatment with palmitoyl-CoA increased the percent of NR1S896 that
was found in lipid rafts. Palimtoyl-CoA pre-treatment followed by a 2 min TNFα exposure
further enhanced the percent of NR1S896 that colocalized with GM1. Scale bar = 10 μm. * =
p < 0.05, ** = p < 0.001 compared with basal. Two-way ANOVA with Tukey post hoc
comparisons.
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Figure 6. Dual actions of nSMase2 and phospholipase C are required to promote membrane
fusion
Liposomes were created from 1:1:1:1 ratio of phosphatidylcholine,
phosphatidylethanolamine, sphingomeylin and cholesterol using an extruder (0.8 μm pore
size) and labeled with either NBD-PE or rhodamine-DHPE. Vesicle fusion was monitored
using fluorescence resonance energy transfer (FRET). A. The addition of vehicle did not
alter fusion during the 5 min test period. The addition phospholipase C (PLC), or nSMase
slightly increased FRET, while the combined addition of PLC + nSMase resulted in a robust
increase in FRET. Triton X (0.1 %) is known to rapidly induce the fusion of membranes and
is shown as a positive control at the end of experiments. B. Heat inactivated PLC, nSMase
or PLC + nSMase had no effect on FRET. Summary data are mean ± S.D. (normalized to
time 0) from 5 experiments per condition. **p < 0.01, ***p < 0.001. Two-way ANOVA
with Tukey post hoc comparisons.
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Figure 7. TNFα increases the amplitude and frequency of focal calcium bursts by a nSMase2-
dependent mechanism
Calcium flux was measured in ∼1.0 μm2 regions along the dendrites of hippocampal
neurons in culture using the calcium binding dye Fura-2FF. A. Tracings showing
enhancement of focal NMDA evoked (100 μM) calcium bursts in cultures perfused for 2
min with TNFα (50 ng/ml) compared to cultures perfused with vehicle. Arrowheads indicate
initiation point of NMDA infusion. B. Summary figure showing the amplitude of regional
calcium responses organized into percent of Low (0−500 nM), Medium (500−1000 nM) and
High (> 1000 nM) responses. TNFα reduced the relative abundance of low amplitude
calcium responses while increasing the fraction of medium and high responses. Pre-
incubating cultures with GW4869 (10 μM) prevented TNFα from shifting NMDA-evoked
calcium bursts to higher relative response amplitudes. C. Summary data showing that a 2
min perfusion of neurons with TNFα (50 ng/ml) increased the number of NMDA-evoked
calcium peaks/second. Pre-treating neurons with GW4869 (10 μM) prevented TNFα from
increasing the number of NMDA-evoked focal bursts in calcium. Data are the mean ± S.D
of recordings from 47−73 dendritic microdomains in 3−4 separate experiments per
condition. *** = p < 0.001 compared with vehicle, ## = p < 0.01 and ### = p < 0.001
compared with TNFα-treated cultures. Two-way ANOVA with Tukey post-hoc
comparisons.
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Figure 8. NMDA currents are modulated by short exposures to TNFα by a mechanism that
requires nSMase2
Whole-cell patch clamp recordings of excitatory postsynaptic currents (EPSCs) from CA1
pyramidal cells in hippocamal slice. A. On the left is the voltage protocol. Cells were held at
−60 mV during a series voltage steps (150 ms) from −60 mV to +40 mV. To avoid
capacitance transients generated by the step effect on the current, there was a delay of 100
ms between start of step and pre-synaptic stimulation. Original EPSCs recorded at CA1
pyramidal cells show currents generated by the voltage steps after a 2 min perfusion with
vehicle, TNFα (50 ng/ml), after wash-out of TNFα and in slice cultures pre-treated with
GW4869 (10 μM) or ISP-1 (10 μM) for 1 hr before TNFα. Enhancement of NMDA-evoked
current was attenuated by GW4869, but not by ISP-1. B. Pooled group data showing that the
modulation of NMDA current by TNF-α exhibited a rapid onset and offset. Data are mean ±
S.D. from 8 different slices/condition. C. In wt/wt mice, a 2 min perfusion with TNFα
enhanced the NMDA-evoked current recorded from CA1 pyramidal −60mV (n =10, in 4
mice). In fro/wt mice, TNFα-induced enhancement of NMDA-evoked current was partially
attenuated (n =12, from 4 mice), and in fro/fro mice TNFα did not alter NMDA current
(98.8 ± 4.8, n =15, from 3 mice).
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