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ABSTRACT: The cellular functions of lipids in the neuronal ToF-SIMS

plasma membranes have been increasingly acknowledged, B s o]

partiglarly their association to neurona% processes and syngptic NEURONS aTTX =BIC
plasticity. However, the knowledge of their regulatory mechanisms +

in neuronal cells remains sparse. To address this, we investigated TTX/BIC — —

the lipid organization of the plasma membranes of hippocampal ([ ¢ = 4=

neurons in relation to neuronal activity using secondary ion mass L i e
spectrometry imaging. The neurons were treated with drugs,

particularly tetrodotoxin (TTX) and bicuculline (BIC), to induce

chronic activation and silencing. Distinct lipid organization was

found in the plasma membrane of the cell body and the neurites. Moreover, significant alterations of the levels of the membrane
lipids, especially ceramides, phosphatidylserines, phosphatidic acids, and triacylglycerols, were observed under the TTX and BIC
treatments. We suggest that many types of membrane lipids are affected by, and may be involved in, the regulation of neuronal
function.
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Bl INTRODUCTION exhibit several limitations for addressing the physiological
distribution of lipids. In particular, the size of the probes limits
the number of molecules that can be labeled within an area and
that may cause a displacement of lipids. Also, protein-bound
lipids might not be accessible for immunolabeling.'' In

In the past decades, numerous studies have shown that lipids
are not only the structural components but also highly dynamic
biomolecules involved in neuronal processes, garticularly in
ion-channel regulation and synaptic plasticity.”” The cellular

functions of lipids at neuronal plasma membranes have been addition, antibodies are not permeable through the plasma
increasingly interested in neuroscience and cell biology due to membranes; thus, they are restricted to labeling the lipids at
their association with physiological and pathological processes. the outer layer of the membranes. The second approach
Lipid diversity has been associated with the evolution of higher utilizes fluorophore-conjugated lipids which enables live cell
cognitive abilities, and it is affected by age, neuronal imaging. Despite their structural resemblance to the
maturation, and stress levels.”* Alteration in lipid homeostasis endogenous compounds, their different chemical properties
has been proved to relate to neurodegenerative diseases, such alter the lipid arrangement and interaction with other
as Alzheimer’s and Parkinson’s;”® neuropsychiatric afflictions, membrane components.'””'* Third, rare isotopic lipids or
such as depression and bipolar disorder;’ " and genetic lipid precursors are incorporated into the cellular membranes,
diseases, such as Gaucher’s and Fabers.”'" Despite the which are subsequently detected by secondary ion mass
evidence that these biomolecules are important in the spectrometry (SIMS). SIMS is a surface analysis technique that
functioning of cells and the brain, the current knowledge provides the chemical composition of samples by sputtering

about the intact lipid organization of neuronal plasma
membranes and their mechanistic regulation on neuronal
activity remains sparse. This gap is mainly caused by a number
of challenges, particularly the difficulties to preserve their intact
structures for analysis and the lack of compatible labeling tools
for imaging techniques.

Four major approaches have been available to visualize the
lipid distribution on the cellular plasma membranes. The first
approach is to use antibodies, for example PIP2 antibodies, to
label specific lipid species. These affinity probes, however,

the surface with a highly focused primary ion beam. From the
impacted region of the primary ion beam, the emitting
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Figure 1. Comparison of sample preparation for hippocampal neurons using ToF-SIMS imaging. From left to right: Ion images of total ion count
(TIC), InO, at m/z 114.91, phosphatidylcholine (PC) headgroup at m/z 184.07, overlay of these ions, and spectra obtained from (A) chemically
fixed, (B) frozen hydrated, and (C) freeze-dried samples. Scale bars: 100 ym.

secondary ions are extracted into the mass spectrometer,
separated, and measured according to their mass to charge
ratios (m/z). Elemental, isotopic, and molecular composition
of the analyzed surface can be detected. Isotopic lipids have
identical properties to those of the endogenous compounds,
while they are distinguished by SIMS owing to their different
m/z values. Nonetheless, the isotopic lipids are restricted to
particular targets, and only a few number of lipid species can be
detected simultaneously."'® Fourth, the membrane lipids are
measured in an unlabeled fashion. Time-of-flight secondary ion
mass spectrometry (ToF-SIMS) has been well-known as a
powerful label-free imaging technique for simultaneous
detection of various analytes within a mass range up to
~1500 Da, including molecular lipids. ToF-SIMS provides a
low detection limit (in the range ppm to ppb) and a relatively
high spatial resolution (from ~500 nm to a few um)."” This
approach has already been applied to study lipid distribution
on tissues,'® single cells,”” and, more specifically, on
neurons.””

Another limitation to understand the role of lipids in
neuronal processes is that most of the available studies analyze
large areas of the brain. Due to the heterogeneity of the tissue
in different brain regions and considering, for example, the
variance on the ratio of neurons per glia between subregions,””
it is difficult to extrapolate the abundance of different lipid
species to the single neuron level.

In this paper, we investigated the lipid organization of the
plasma membranes of hippocampal neurons and how it relates
to the neuronal activity using ToF-SIMS imaging. Neuronal
activity was modulated by treatments with drugs, particularly
with tetrodotoxin (TTX) and bicuculline (BIC), to induce
opposite effects and chronic changes in their synaptic
activity.”” The differences in the lipid organizations between
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the neuronal cell body and neurites in different states of
neuronal activity were analyzed using the multivariate
independent component analysis method (ICA). It was
found that the organization of membrane lipids is related to
function, and several particular groups of lipids may be
involved in regulating neuronal activity.

B RESULTS AND DISCUSSION

Sample Preparation of Hippocampal Neurons for
SIMS Imaging. Following the protocol of Kaech and
Banker,”* rat hippocampal neurons were cultured on indium
tin oxide (ITO) coated glass slides to keep a physical distance
with the astrocytic monolayer in a sandwich fashion, the so-
called Banker cell culture. This protocol allows for the correct
development of the neurons while reducing the interferences
from other cell types and ensuring the analysis on neuronal
plasma membranes. Moreover, a low density of neurons makes
it easy to distinguish different cellular areas, particularly the cell
body and neurites, both morphologically and biochemically”*
allowing the study of the variation of lipid distribution in these
regions.

The sample preparation methods, including chemical
fixation, frozen hydrating, and freeze-drying, were examined
regarding the cell morphology with preserved distribution of
lipids and their signal intensity for ToF-SIMS measurements
(Figure 1). It was shown that chemical fixation with 4%
glutaraldehyde followed by 0.4% osmium tetroxide (OsO,)
preserved the morphology of the cells well (Figure 1A).
However, either lipid loss or extensive cross-linking of lipids in
the membrane by chemical fixation possibly prevents the
release of large fragment ions (above m/z 500), which
appeared at very low intensities, and thus results in a loss of

https://doi.org/10.1021/acschemneuro.1c00031
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Figure 2. Different lipid distribution across neuronal plasma membranes shown by independent component analysis in positive ion mode. (A)
Color map of ICs showing their contributions to the cell body, neurites, and background. Color scale represents the lowest (blue) to the highest
(red) levels of contribution. IC-images of the first nine ICs dominating in the (B) cell body and the (C) neurites in three different samples (in three
rows). (D) Overlay of the nine IC-images of the cell body (green) and neurites (red). (E) TIC images of the three samples. Scales bars: 200 ym.

the lipid signatures of the cells. On the other hand, both frozen
hydrating and freeze-drying methods preserved the cell
morphology well with no apparent delocalization of the lipids
and preserved the high mass signal better than that of the
fixation (Figure 1B,C). Although frozen hydrated samples had
higher high mass signals than those in the freeze-dried ones,
the sample handling was greatly challenging leading to low
reproducibility of the results. Freeze-drying has been
commonly used to preserve biological samples for ToF-SIMS
analysis due to the simplicity of the procedure and high
reproducibility of the results. The method may cause some
degree of shrinking and chemical rearrangement during
dehydration; thus, great care must be taken to lower these
risks. Freeze-drying, therefore, was chosen for our further
experiments.

Lipid Organization Across Neuronal Plasma Mem-
branes Investigated by Independent Component
Analysis (ICA). We used independent component analysis
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(ICA) and neighborhood cross-correlation coefficient
(NBCC) analysis to investigate the difference in lipid
distribution between different regions of neuronal plasma
membranes, particularly the cell body and neurites. We first
selected at least three spectral data sets of the ion images which
had well-recognized cell body and neurite areas. We then
calculated the NBCC values for each pixel on individual
spectral data sets. The NBCC values were found to be larger in
the cell body than in the neurites, while the background had
the smallest values. Afterward, we used a Gaussian mixture
model (GMM) to classify the NBCC of each pixel into one of
the three defined categories, namely, the cell body, neurites,
and background. Based on the pixel probability maps, we
created three masks that were more likely the cell body,
neurites, and background.

We then grouped the spectral data of all pixels into three
groups corresponding to the three masks and performed ICA.
The independent components (ICs) contributing to the cell
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Figure 3. Cross-correlation coefficient differences analysis. (A) Comparison of a pair of spectra with and without a particular peak to determine the
contribution of the peak to the spectral difference. CCD of the pair decreases if peak 1 is included but increases if peak 3 is included. (B)
Comparison of CCD within the groups (basal) and between treatment and control groups (change) to determine which peaks significantly
contribute to the difference between these groups based on (C) criteria.

body, neurites, and background were then grouped into their
categories. The number of ICs was determined by the principal
component analysis (PCA) performed beforehand, and that
covered more than 95% of the total data. Each IC is a group of
different mass peaks which have a certain relationship to each
other, for example, these peaks could be the compositional
constituents of a protein or could be the fragments from a
molecular lipid. Therefore, IC could contain the fingerprint of
particular biomolecules in a very complex molecular mixture.
These three IC-groups were subsequently used to unmix the
rest of the data (n = 9), and their corresponding images were
used to further refine the masks.

The result showed that the molecular distribution was
different between the cell body and the neurites. The ICs
contributing to the cell body, neurites, and background were
grouped into their categories (Figure 2A). The ICs mainly
contributing to the cell body area (first line) are also present in
the neurites, however at a significantly lower level (second
line). Similarly, in the neurite areas, the main ICs of the
neurites (second line) have a low contribution to the cell body
(first line). These ICs are very distinct from those of the
background (third line). It is noticed that there are a few ICs
overlapping slightly between the neurites and background,
which is explained by the neurites being so thin that it causes a
low level of co-ionization and coextraction of the ITO
substrate underneath the imaged neurite areas. The IC-images
of the first nine ICs contributing to the cell body and the
neurites for three different samples are shown in Figure 2, parts
B and C, respectively (three rows). The IC-images of the cell
body show part of the neurite area, whereas almost no cell
body is observed in the IC-images of the neurites. The overlay
images of the cell body and neurites (Figure 2D) show clear
and continuous structures of the neurons and correlate well
with the total ion images (Figure 2E).
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Tracking the mass peak composition of individual ICs, we
could obtain the information on lipid molecules and their
fragments, which localize differently between the neuronal cell
body and neurites. For example, for the second IC dominating
in the cell body (IC index number 37) in positive mode,
several peaks were found to be possibly related to each other,
such as peaks at m/z 184.07, 224.10, 440.28, 478.35, and
649.62. The peaks CsH;\NO,P at m/z 184.07 and
CgH )NO,P at 224.10 have been commonly known as
fragments of phosphatidylcholines (PCs), whereas the peaks
at m/z 440.28 could be a fragment of PCs and
phosphatidylethanolamine (PEs) having a specific fatty acid
tail (C12:0, C15:0 in the PCs and PEs, respectively).”> The
mass m/z 478.35 could be derived from PCs and PEs with
fatty acid tails of C16:0 and C19:0, respectively. In addition,
the peak at m/z 649.62 is possibly a diacylglycerol (DG), DG
(39:0) (M—OH)*. Thus, the IC 37 contains signature
fragments of a specific group of PCs and PEs which possibly
have a certain structural and functional relationship at the
membrane of the cell body. Another example is the third IC
dominating in the neurites in positive mode (IC index number
3), where signature peaks were found at m/z 86.10 for the PC
fragment, m/z 433.23 for phosphatidic acid PA ((15:0)+Na)®,
m/z 577.54 for DG (34:1), and m/z 562.58 and m/z 660.64
for sphingomyelin SM (37:1) and SM (44:1) via neutral loss of
183. This IC shows an interesting relation between the
fragments from different lipid groups. In negative mode, for the
sixth IC dominating in the neurites (IC index number 6),
possible related peaks are fatty acids (FAs), FA (14:0) at m/z
227.24, FA (16:0) at m/z 25522, FA (18:2) at m/z 279.23, FA
(18:1) at m/z 281.28, FA (18:0) at m/z 283.23, and FA (20:0)
at m/z 311.30 and triacylglycerols (TGs), TG (50:0) at m/z
833.79 and TG (52:0) at m/z 861.81. These fatty acids could
be the fragments of the TGs. The ICA therefore provides an
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Table 1. Summary of the Significant Lipid Peaks Affected by the Drug Treatments from the CCD Analysis

Compound | ACCD [SEM(ch basal)] Compound | acco [semich basal)] Compound | accD [sem(ch basal)] Compound | ACCD [SEM(change+basal)
Positive_TTX_Cell Body Positive_BIC_Cell Body Negative_TTX_Cell Body
AA Phe 4,71E-08 7,55E-09| AA Phe 3,456-08 6,12E-09| FA (38:3) 2,956-07 9,46E-08|ST (C18-0H) 3,356-05 1,18E-05
AATrp 1,92€-07 3,69E-08|AA Trp 1,61€-07 3,28E-08| Cer (36:1) 1,38E-07 7,95€-08|PS (39:2) 3,336-05 1,48E-05
PCfragment 166 1,24E-07 1,92E-08|PC fragment 166 1,75E-07 2,21E-08| Cer (38:1;0) 1,88E-07 9,70€-08|TG (53:6) 2,12E-05 5,12E-06)
PCfragment 184 2,22E-05 6,27E-06|PC fragment 184 3,38E-05 6,82E-06| Cer (36:0,05) 1,65€-07 8,99€-08|PS (43:4) 3,53€-05 1,13€-05
PCfragment 224 1,60E-08 2,98€-09|PC fragment 224 3,93E-08 4,44€-09| Cer (39:2,0,) 1,73€-07 9,54€-08|TG (54:2) 4,97€-04 2,00E-04|
PA(12:01+K 3,33E-09 5,63E-10|DG (31:3)+Na  1,72E-09 6,57E-10|TG (37:0) 1,54E-05 4,27€-06|TG (54.1) 2,78E-04 4,92E-05
Cer (36:1) 1,67E-08 2,07€-09|DG (33:3) 1,79E-09 6,62E-10| PA (34:4,0) 8,38E-06 1,99E-06|PI-Cer(46:0,03)  6,21E-05 1,21E-05
DG (34:1)+H-OH  1,89E-09 6,74E-10|DG (35:6) 3,65E-09 8,26E-10|PA (34:3,0) 2,65E-05 5,17€-06] Negative_BIC_Cell Body
Cer (36:1,05) 3,286-09 6,99€-10|DG (37:7) 7,39E-05 1,94E-05| PA (34:0,0) 1,17€-05 3,63E-06| FA (16:1) 5,89E-06 2,52€-06)
Cer (36:0,05)+Na  8,26E-09 1,46E-09|DG (37:6) 5,61E-05 1,02E-05|PA (35:3,0) 1,37€-05 4,67E-06|FA (20:5) 3,636-06 1,03E-06
CerP (34:0,0,}+K  5,36E-04 7,55E-05PG (30:1) 1,48E-05 4,23€-06|PA (35:2) 1,46E-05 5,38E-06| PE-Cer (32:1,0,)  7,51E-06 2,87E-06)
PC(28:2) 4,98E-05 9,81E-06PG (30:0) 1,08E-04 4,23€-05PA (36:0) 7,90E-06 2,82E-06|T6 (37:1) 1,17€-05 3,40E-06]
PG (28:0,0)+Na  2,17E-05 7,51E-06|PC (30:0) 7,69E-05 1,63E-05| PA (38:5,0) 1,50€-05 4,37E-06|PA (34:4,0) 7,37€-06 2,47E-06)
PC (28:1) 2,04E-04 3,42E-05|PA (36:2)+Na 1,52E-04 3,07E-05| PA (0-38:3) 1,63E-05 6,02E-06| PA (34:3,0) 1,03€-05 4,16E-06
DG (40:1) 5,81E-05 1,13E-05| DG (43:6)+K 1,34E-05 4,45E-06|PA (38:4) 2,30E-05 1,00E-05| PA (34:0,0) 9,73£-06 3,23E-06]
GalCer (32:1)+K  1,40E-02 1,56E-03|PC (32:1)+Na 3,61E-04 8,60E-05GlcCer(36:2,0,)  2,87E-05 8,98E-06| PA (38:5) 1,23€-05 2,96E-06]
Positive_TTX_Neurites PC (34:2)+Na 3,68E-05 1,32E-05|TG (53:7) 7,26E-05 2,27€-05|PA (38:4) 6,16E-05 1,55€-05
AA Phe 8,29€-09 2,15€-09|PC (34:1)+Na 3,70E-04 9,23€-05(Ps (43:4) 3,46E-05 1,05E-05|TG (53:8) 3,236-05 1,12€-05
PCfragment 184 3,45E-06 1,24E-06|PA (39:1)+K 1,11E-04 2,11E-05|TG (54:2) 6,01€-04 1,34E-04|TG (53:7) 1,12€-04 3,24€-05]
PCfragment 224  4,34E-09 1,57E-09|PA (41:2)+K 1,14E-05 3,66E-06|TG (54.1) 2,58E-04 4,37E-05T6G (53:6) 2,99€-05 1,12€-05
PA (12:0)+K 1,92E-09 4,25€-10|PS (36:6)+K 1,52E-05 3,83E-06|TG (55:7) 3,12£-05 6,16E-06|TG (54:3) 1,10E-04 3,04€-05|
Cer (36:1) 1,02E-08 1,34E-09| P (40:6)+K 6,19E-05 1,97E-05|TG (60:11) 5,84E-06 1,65E-06|TG (54:2) 2,11E-03 3,81E-04)
Cer (36:1,03) 1,75€-09 5,20€-10) Positive_BIC_Neurites Pl-Cer(46:0,05)  7,99E-05 1,80E-05| TG (54:1) 4,26E-04 6,95E-05|
Cer (36:0,03)+Na 3,86E-09 9,66€-10[DG (37:7) 2,42E-05 5,43E-06) Negative_TTX_Neurites TG (55:7) 4,58E-05 6,40E-06]
CerP(d34:1)+Na  5,34E-03 9,89E-04|DG (37:6) 8,72E-06 3,58E-06|FA (38:3) 2,69E-07 7,74E-08 Negative_BIC_Neurites
CerP (34:0,02)+K  3,69E-04 5,49E-05 PG (30:0) 5,95€-05 2,06E-05|Cer (36:1) 1,14E-07 6,63E-08|FA (16:1) 2,476-06 9,38E-07]
PC(28:2) 1,80€-05 7,12E-06|PA (36:2)+Na 6,76E-05 1,98E-05| Cer (38:1;0) 1,24E-07 5,62E-08| FA (20:5) 1,51E-06 2,87€-07,
PG (28:0,0)+Na  2,24E-05 3,41E-06|PC (34:1)+Na 1,776-04 4,73€-05| Cer (36:0,05) 1,11E-07 5,07E-08| FA (38:3) 9,65E-08 5,76E-08|
PC(28:1) 1,33E-04 1,88E-05|PA (39:1)+K 4,99E-05 9,86E-06(Cer (40:1,0,) 1,01E-04 3,56E-05|TG (53:7) 4,52E-05 2,27€-05|
PG (25:1,0)1+K  2,49E-05 5,10E-06|PS (40:6)+K 5,52E-05 1,17€-05|TG (37:0) 1,10E-05 4,46E-06TG (53:6) 2,28E-05 4,64E-06
DG (40:1) 3,48E-05 6,29E-06|PS (41:6) 9,74E-06 3,10E-06|PA (35:2) 5,75E-06 2,09E-06|TG (54:2) 1,11€-03 2,58€-04)
GalCer (32:1)+K  1,59E-02 1,76€-03 GlcCer(36:2,02)  2,05E-05 7,48€-06|TG (54:1) 2,30E-04 4,12€-05
PA (44:8)+Na 4,78E-05 1,13€-05 PA (39:1) 1,04E-05 3,74E-06|Pl-Cer (46:0,05)  5,08E-05 1,08E-05
PS (43:6)+Na 4,36E-05 1,10E-05

advantage in the ability to elucidate the possible relationship of
particular groups of lipids and their fragments. The signature
fragments of the most dominant ICs in the cell body and
neurites for both ion modes are listed in Table SI1.
Cross-Correlation Coefficient Difference (CCD) Anal-
ysis for Study of Neuronal Membrane Lipids following
Drug Treatments. To investigate how the lipid organization
of neuronal plasma membranes changes following the drug
treatments which alter the neuronal activity, we used cross-
correlation coefficient difference (CCD) analysis. This method
compares each pair of the spectra obtained before and after a
peak of interest is removed in order to determine the
contribution of that peak to the difference of these spectra.
If the spectra look more similar after the peak is removed, it
means that the peak contributes with a high score to the
difference between these spectra, and thus, the CCD value of
the spectra increases positively with that peak. On the contrary,
if the spectra look more different after the peak is removed, the
peak contributes with a low score, and the CCD value of the
spectra decreases or increases negatively with that peak (Figure
3A). The larger value is the CCD value, and the higher value is
the contribution of the peak to the difference of the spectra.
We examined the molecular difference in the neuronal
membranes between the drug-treated and the control groups
by comparing the CCD of the spectra in pairwise for all the
combinations between these groups (change) (Figure 3B).
Similarly, we also compared the CCD of the spectra in pairwise
within the control group (basal) (Figure 3B). Afterward, the
mean of CCD of all the pairs and its standard deviations of the
mean (SEM) were calculated for each mass peak. The peak
was then considered as a significant peak contributing to the
difference between the control and treatment groups based on
the criteria that the mean of CCD of the change minus the
mean of CCD of the basal was larger than their sum of SEM
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(Figure 3C), which was one sigma difference, and the
confidence interval was larger than 0.683. The CCD analysis
was carried out separately for the cell body and neurite areas of
the neuronal membranes and in positive and negative SIMS
modes.

The CCD analysis ensures a more reliable comparison than
most of the common statistical tests, because it does not
require any normalization of the data which often introduces a
certain bias. In this manner, we can compare the contribution
of each peak to the difference caused by the drug treatments
while avoiding the distortion of the data due to the
normalization process and, most importantly, maintaining the
independence from the signal amplitudes by only comparing
the shapes of spectra. In contrast to other methods such as the
t-test, which only compares a single peak or a group of peaks
between two spectra and neglects the rest of the spectra
containing the majority of signals and noises, the CCD analysis
compares two entire spectra in which only one target peak is
missing; thus, it retains all the information to the greatest
extent. In particular, it provides a balanced total noise level of
the entire spectra, which are often not easy to normalize.

Lipid Structural Changes in Neuronal Plasma Mem-
branes under Drug Treatments. To examine the lipid
structural changes in the neuronal plasma membranes
following drug treatments using CCD analysis, we prepared
several groups of hippocampal neurons which were treated
with drugs to modulate neuronal activities. The first group was
incubated with tetrodotoxin (TTX), a potent neurotoxin that
binds to the voltage-gated sodium channels blocking the
passage of sodium ions and inhibiting the firing of action
potentials.”® The neurons therefore were induced to reduce
their activity. The second group was treated with bicuculline
(BIC), a competitive antagonist of GABA, receptors, to
enhance neuronal activity.”” The third group was the control
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which was prepared similarly but without adding a drug. To
obtain the statistical results, three independent sets of neuronal
samples, each set comprised of three conditions, control, TTX
treatment, and BIC treatment, were prepared. ToF-SIMS
imaging was then carried out on three or four different areas of
each sample (n > 27).

The CCD analysis was performed comparing the treatment
and the control groups for cell body and neurite areas of the
neuronal membranes in positive mode and negative mode.
From the result, we identified 51 lipid-related peaks which
significantly contribute to the difference between the TTX
treatment and the control groups. On the other hand, from the
comparison between BIC treatment and control groups, we
identified 41 significant peaks assigned for lipids and lipid
fragments. The lipid peaks significantly affected by the drug
treatments are summarized in Table 1. Comparison of the
CCD values between the treatments and control for the cell
body and neurites are presented in Figures S1—-S4 in positive
ion mode and in Figures S5—S8 in negative ion mode.
Different groups of lipids were found to significantly change
when the neuronal activity was altered by the drug treatments.
Particularly, in positive mode for TTX treatment, the PC
fragments, including the peaks at m/z 166.06, 184.07, and
224.11 and ceramides with 34 and 36 carbon chains, caused
the major difference in both the cell body and neurites. PAs,
Phosphatidylglycerols (PGs), and phosphatidylserines (PSs),
such as PA (12:0)+K, PG (28:0, O)+Na, and PS (43:6)+Na,
also contributed to the difference but to a lesser extent. For
BIC treatment, PCs and PAs changed the most followed by
PGs and PSs. The change of PCs, however, mainly occurred in
the cell body as shown by the changes of the PC fragments and
several molecular species such as PC (30:0), PC (32:1)+Na,
and PC (34:2)+Na. It was noticed that ceramide species were
only affected by TTX treatment.

In negative mode for TTX treatment, the major changes
were found in a number of ceramide (Cer), PA, and TG
species in both the cell body and neurites. There were a larger
number of PAs affected in the cell body compared to the
neurites. On the other hand, the BIC treatment caused
significant change in TGs in both the cell body and neurites,
while altered PAs were mainly changed in the cell body.
Comparison between TTX and BIC treatments showed that
ceramides were mainly affected by the TTX, whereas FA
(16:1) and FA (20:5) were only changed by the BIC.

The results showed that significant alteration in the lipid
organization of the neuronal plasma membranes occurred
following the drug treatments. Lipids and their fragments were
affected differently by the two drugs, TTX and BIC, which
induce opposite changes in the neuronal activity. This could be
a significant correlation between the membrane lipid
organization and the neuronal activity implying the involve-
ment of membrane lipids in neuronal functioning.

Lipid Organization of Neuronal Plasma Membranes
and Its Link to Neuronal Plasticity. The long incubation
period of neurons with TTX and BIC not only alters the
immediate activity levels of the neurons but also induces
homeostatic plasticity, promoting the adjustment of the overall
strength of synapses.”” In our work, we showed that the change
in the synaptic plasticity, which was induced by the TTX and
BIC treatments, altered the lipid composition of the neuronal
plasma membranes. This correlation suggests that lipids could
be involved in an underlying molecular mechanism that
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contributes to the homeostatic plasticity in hippocampal
neurons.

To obtain an overview of how the membrane lipid structure
changes corresponding to the neuronal activity, we examined
the relative changes in the abundance of lipids within specific
lipid groups after the neurons were treated with TTX or BIC.
The compositional changes within the cell body and neurites
were also analyzed. We sorted all tentatively assigned peaks of
lipids into different subclasses, each of which contained at least
three assigned peaks (n > 3) (Table S2). The subclasses
included in the analysis were Cer (n = 12), FAs (n = 3), PAs (n
=18),PCs (n=9), PGs (n=5),PSs (n=5), and TGs (n =
11). Other lipids such as PEs or PIs were not included because
of their insufficient number of assigned peaks. The average
intensity of each peak was compared between the treatments
and the control. Afterward, we calculated the number of lipids
as the percentage within each subclass that changes in a similar
trend (increase or decrease in abundance compared to the
control). The overall trends of alteration in the lipid
abundance within individual subclasses following the drug
treatments are summarized in Figure 4 and Table S3.

«
]

RELATIVE CHANGE WITHIN LIP

Figure 4. Alterations of the lipid compositions of the plasma
membranes of hippocampal neurons following drug treatments (TTX,
BIC). The trend of alteration within individual lipid subclasses was
obtained by comparing their peak intensities from the treatments to
those from the controls. The trends (increase as 1 or decrease as |) in
regions (cell body or neurites) under treatments (TTX or BIC) are
presented in the X axis. Lipid subclasses are presented in the Y axis.
The number of lipid compounds having a similar trend within their
lipid subclass are expressed as percentages in the Z axis.

From the analysis, we obtained a distribution of alteration
that is certainly different from what would be expected from a
random one, supporting that the lipid composition of neuronal
plasma membranes is clearly influenced by the change of
synaptic activity. It was clearly observed that different lipid
subclasses were affected differently by the treatments. In
addition, the membrane lipid composition of the cell body and
the neurites also changed with different patterns. Several
significant features were noticed. First, 83% of ceramides were
considerably increased in their abundance in both the cell body
and neurite areas when the neuronal activity was silenced by
TTX; however, none of this lipid species was affected when the
neuronal activity was activated by BIC. Second, the overall
amount of PCs was decreased in the cell body (approximately
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10% of PCs); however, it was increased in the neurites under
the two treatments (44% with TTX, 11% with BIC). Third,
PSs exhibited a dramatic reduction in the abundance in all the
cells by the TTX treatment (20% the cell body, 60% the
neurites). On the contrary, an increasing trend was observed
for these lipid species with the BIC treatment (40% in cell
body, 20% in neurites). In addition, the amounts of PAs, PGs,
and fatty acids were elevated in both areas by the two drugs.
Likewise, a dramatic elevation in the amount of TGs was
observed in both regions by both treatments; noticeably, 60
and 80% of TGs in the cell body were enhanced by the TTX
and BIC treatments, respectively.

Furthermore, to observe if there is any significant correlation
between a particular group of lipids with the neuronal activity
in the two cellular regions, we checked the significance of the
data using a Kruskal-Wallis test combined with a Tukey-
kramer posthoc and a correction parameter, a at 0.0S.
Although the levels of confidence were not sufficient to
confirm all the trends due to the low number of assigned lipid
peaks in a few subclasses, several lipid groups had clear,
statistically distinct behaviors. Particularly, ceramides were
shown to significantly increase their abundance in both the cell
body and neurites by the TTX treatment, compared to the
BIC. In addition, the concentration of PAs was elevated in
both the cell body and neurites by the two treatments;
however, it was significantly higher in the cell body than that in
the neurites, remarkably by the TTX (45% difference).

Ceramides are among the major secondary messengers in
the brain as well as the main components in the metabolic
pathways of sphingolipids, one of the major classes of lipids in
the plasma membranes. Ceramides play an important role in
changing the spatial organization of cellular membranes,
activating target proteins and clustering signaling molecules
for cellular processes. Ceramides present in the cell membranes
at a low concentration (<4 mol %),”® however, efficiently
influence the structure and dynamics of the membranes.”**
Interestingly, our results show that the suppression of neuronal
activity by the TTX treatment dramatically increases the
membrane ceramides to adapt to the firing silencing. The
activation of neuronal activity by the BIC, however, does not
induce the accumulation of this lipid species.

Previous studies showed that ceramides were involved in
modulating the synaptic activation.”*” An increase of the
ceramide amount in capsaicin-sensitive adult and embryonic
sensory neurons by an incubation with exogenous ceramides or
by a production of endogenous ceramides via the activation of
sphingomyelinase were shown to significantly increase the
number of action potentials.”® In addition, a pro-inflammatory
agent, nerve growth factor (NGF), which is elevated during the
inflammation in the sensory neurons, was shown to increase
the number of action potentials. The NGF was also known to
trigger the activation of the sphingomyelin signaling pathway,
to release ceramides.’® Another study showed that synaptic
excitation could be conducted along the nerve fiber without
action potentials but via a production of ceramides in the
membrane lipid rafts, which increased the intracellular calcium
concentration and triggered the release of other secondary
messengers including nitric oxide and cyclic guanosin mono-
phosphate (cGMP).” In our study, the firing silencing in
hippocampal neurons by TTX induces an elevation of
ceramides possibly via an activation of the sphingomyelin
signaling pathway. This could result in the increased
concentrations of intracellular calcium, nitric oxide, and
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c¢GMP, which subsequently mediate the conduction of synaptic
activation in the absence of firing caused by TTX. Under the
BIC treatment, the synaptic activity is already established; thus,
the ceramide pathway does not change.

PSs are the main anionic phospholipids in the neuronal
plasma membranes. PSs have been shown to be involved in
several important signalin§ pathways related to membrane
fusion and exocytosis.’* "> In addition, the lipids affect the
metabolism and release of neurotransmitters such as
dopamine, acetylcholine, norepinephrine, and serotonin.”” A
decrease in PS level and the major constitution docosahex-
aenoic acid (DHA) were found to correlate well with cognitive
impairment and Alzheimer’s disease.*” On the other hand, a
dietary supplement of PS was shown to improve learning
ability and short-term memory in animals and humans.*"*
This positive effect has been claimed due to the incorporation
of the supplement PS into the neuronal membranes which
helps to mediate the synaptic activity and to enhance synaptic
plasticity.**** Our results show that the neuronal activity
suppressed by TTX causes a reduction in the levels of
membrane PS, whereas the activity activated by BIC enhances
membrane PSs.

PSs have a strong interaction via an electrostatic force with
GABA,*" an inhibitory neurotransmitter functioning to
maintain the inhibition that counterbalances neuronal
excitation. Among different phospholipids, only PSs were
able to stimulate the GABA uptake into the synaptic
membrane of rat and rabbit brain synaptosomes.*”*® This
means that the amount of PSs in the synaptic membrane
probably changes according to a need of the GABA uptake.
Therefore, in the suppression state of neuronal activity by
TTX, a need for the GABA uptake into synaptic membrane is
low, resulting in a reduced amount of PS in the membrane. On
the contrary, the BIC treatment blocking GABA receptors to
increase neuronal activity possibly stimulates the GABA uptake
for the excitation counterbalance, which then triggers the
elevation of PS in the membrane. This could implicate an
essential role of PSs in regulating the neuronal activity by
adjusting their abundance in the plasma membranes.

Moreover, PAs and TGs are both commonly known as the
precursors of glycerophospholipids and phospholipids, respec-
tively."””*® PAs have also been known to be involved in
changing the membrane organization®’ and mediating the
penetration of proteins into the cellular membrane.’® From our
study, the PA and TG levels are increased significantly by the
two drug treatments, possibly to support the enhancement of
different phospholipids in the membranes as the response to
the change of neuronal activity.

In summary, the lipid organization of neuronal plasma
membranes reflects the status of the neuronal activity.
Significant alterations of the lipid levels, particularly ceramides,
PSs, PAs, and TGs, were observed under the TTX and BIC
treatments. This correlation suggests that membrane lipids
change their organization to fit to, or even to mediate, neuronal
and synaptic activity.

B MATERIALS AND METHODS

Cell Culture. Hippocampal neurons were obtained from
dissociated hippocampi of embryonic rats (E18).>" Following the
protocol of Kaech & Banker,** the neurons were plated on indium tin
oxide (ITO) glass slides which were previously coated with 1 mg/mL
poly-L-lysine. The cells were cultured in 5% CO, atmosphere at 37 °C
for 14 days in the N2 medium and then divided into three different
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groups. The first and second groups were treated with tetrodotoxin
(TTX) at 1.5 uM and bicuculline (BIC) at 1.2 uM, respectively, in
N2 medium for 72 h. The third group, the control, was treated
without drugs in the same manner to the drug-treated groups.
Afterward, the cells were prepared following one of the procedures,
namely, chemical fixation, frozen hydrating, and freeze-drying.

Chemical Fixation. The chemical fixation was carried out
following the procedure published elsewhere.”> In brief, the cells
were rinsed with Hendry phosphate buffer (HPB) pH 7.4 and fixed
with glutaraldehyde 4% in HPB at room temperature for 30 min. The
fixed cells were sequentially washed with HPS two times, each for 5
min, and with triple distilled water. Afterward, the cells were fixed
with osmium tetroxide (OsO,) 0.4% at room temperature for 1S min
followed by washing with triple distilled water three times, each for 5
min. The samples were then allowed to air-dry before ToF-SIMS
measurement.

Frozen Hydrating. The cells were washed with PBS for 5 min and
quickly rinsed four times with ammonium formate 150 mM at pH 7.4.
Immediately after rinsing, the cells were quickly frozen in liquid
propane. The samples were then stored in liquid nitrogen until they
were transferred to the precooled ToF-SIMS instrument for
measurement.

Freeze-Drying. The cells were washed with PBS for 5 min and
quickly rinsed four times with ammonium formate 150 mM at pH 7.4.
Immediately after rinsing, the cells were quickly frozen in liquid
propane followed by freeze-drying overnight in a freeze-dryer (Christ
2-4 LDPlus, Christ Martin, Germany) at a pressure of 0.05 mbar. The
samples were stored for a short time in a vacuum chamber until they
were transferred into the ToF-SIMS instrument for measurement.

ToF-SIMS Imaging. ToF-SIMS imaging was carried out by a J105
3D Chemical Analyzer (Ionoptika Ltd, UK) using a 40 keV
(CO,)z500" gas cluster ion beam (GCIB) as the primary ion beam.
The focus of the ion beam was adjusted using different apertures. The
imaging was acquired in static mode in both positive and negative ion
modes. The primary ion current of 12 pA was used to raster the
sample areas of 750 pm to obtain images of 256 pixels X 256 pixels,
which resulted in the primary ion dose density of 2 X 10'* ion/cm?.
The detected mass range was set from m/z 80 to 1000 Da. For the
frozen hydrated samples, the preparation chamber and analysis
chamber of the J105 were cooled down to <200 and <90 K,
respectively, before the samples were inserted. The temperature of the
analysis chamber was maintained at <90K during the measurement.
On the other hand, the analysis of the freeze-dried samples was
performed at room temperature. To remove the potentially occurring
ice layer on the surface of the frozen hydrated samples or possible
surface contamination on freeze-dried samples, the first layer of the
samples was eroded using the primary ion current of 4 X 10" ion/cm?
on an area of 800 ym with 128 pixels X 128 pixels.

Data Analysis. The data obtained from the J105 were exported
and analyzed using Ionoptika Image Analyzer software (Ionopika Ltd.,
Southampton, UK). Further processing on image data was carried out
using Matlab (The Mathworks, Inc., version R2017a). All the spectra
extracted from the image data were binned down to 0.05 Da which
resulted in the mass accuracy of around 62 parts per million (ppm) at
m/z 800. The spectra were then filtered from the peaks of the ITO
substrate and normalized to the total ion counts. The spectral data
were further processed using independent component analysis (ICA)
and cross-correlation coefficient difference (CCD) analysis to
examine the differences in the lipid structure of the neuronal plasma
membranes in different cellular regions and to study how these lipid
structure changes following the drug treatments. Afterward, the
masses significantly contributing to the difference between the
treatment and control groups were assigned based on the literature
and databases such as the Lipid Maps®® and LipidBlast.”® Finally, the
Kruskal-Wallis test combined with the Tukey-kramer posthoc test
was performed to examine the correlation between the changes of
different lipid groups and the neuronal activity. The test was carried
out with the correction a of 0.05 on individual groups of lipids.
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