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What does vitamin E1 do in the brain? Since its discovery in
1922, functional studies of vitamin E have focused primarily on
its antioxidant properties, although more recent research has pointed
to other nonantioxidant functions.2 We utilize single cell time-of-
flight secondary ion mass spectrometry3 (ToF-SIMS) to show that
vitamin E has a unique localization in neuronal membranes,
suggesting important neurological functions.

Extended periods of deprivation reduce vitamin E levels below
detectable levels in tissues outside the nervous system where it
remains at∼5% of original levels although reduced axonal trans-
port, slowed signal conduction, axonal dystrophy, and swelling are
observed.4 In contrast, recent evidence suggests that high doses of
vitamin E increase mortality, while the biochemical reason for such
effects are not known.5 In addition, lipid oxidation, which is likely
modulated by vitamin E, has been linked to several neurodegen-
erative disorders.6 The addition of vitamin E to the diet of Alz-
heimer’s patients has been shown to slow the progression of the
disease.7 Vitamin E may affect the activity of membrane-dependent
enzymes by modifying the properties of the lipid membrane.8 Des-
pite these varied roles of vitamin E, no technique has been available
to observe the subcellular localization of vitamin E in a single cell
by immunohistochemical or other imaging techniques.

We use ToF-SIMS to study the subcellular localization of vitamin
E in the membranes of single, isolated neurons from a widely studied
neurobiological model,Aplysia californica. In recent years, imaging
mass spectrometry has been developed as a means of understanding
the localization of specific molecules.9 ToF-SIMS has traditionally
been limited to the analysis of atomic ions due to extensive frag-
mentation of organic molecules although gold and cluster ion
sources have increased the mass range available for analysis above
2000 Da and have made the investigation of biological materials
attractive. ToF-SIMS has been applied to elemental imaging of
single cells10,11as well as molecular imaging in drug delivery sys-
tems,12 kidney13 and nervous tissue,14 rat pheochromocytoma (PC12)
cells,15 leukocytes,16 paramecia,17 Tetrahymena,18 and liposomes.19

Ion images corresponding to the relative distributions of specific
molecules are presented in Figure 1. The ion images for choline
(m/z 86) (Figure 1a) and acyl chain fragments (m/z 69) (Figure 1b)
represent cellular lipids and show a uniform distribution across the
cell. The ion image corresponding to vitamin E (m/z 430) exhibits
localization at the junction of the cell soma and neurite when
compared to other subcompartments (Figure 1c), suggesting a
physiological significance of the corresponding molecule. Line scans
also illustrate the increase of vitamin E at the soma-neurite junction
(Figure 1d). Although slight fluctuations are observed, which are
expected with molecular measurements on the micrometer scale,
the choline signal remains relatively constant across the cell, while
the vitamin E signal increases in the junction region.

The identity of vitamin E is verified by a comparison of mass
spectra from cellular samples to spectra of vitamin E standard
(Figure 2). The co-localization of the signal corresponding tom/z
165 with that of the molecular ion of vitamin E is observed. The
peak atm/z205 also appears to be a fragment of vitamin E. Similar
ion signals have been observed but not identified as vitamin E in
previous applications of SIMS to biological tissues.14,20-22 A recent
report by Piersma et al.22 identified the molecule from which the
m/z430 signal originated inLymnaeaneurons as the neuropeptide,
APGWamide. In theAplysia neurons we present, this reported
identification does not correspond to our findings based on the
observed (Figure 2a) and previously reported23 fragmentation
products of this peptide.

ToF-SIMS may generate semiquantitative information when the
intensity of a signal of interest is normalized to a ubiquitous ion.
This ion serves as an internal standard to account for fluctuations
in ionization efficiency across a sample caused by, for example,
topographical effects. In this case, the lipid acyl chain fragment
(C5H9

+, m/z69), which produces a relatively constant signal across
the cell membrane,18 is used. Briefly, spectra are obtained from
selected regions of interest (junction region or entire cell), the
vitamin E and phosphatidylcholine signal intensities are collected
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Figure 1. Ion-specific images of an isolated single neuron using a relative
thermal scale, in which light areas represent a higher ion yield. (a) Cellular
lipids are represented by the choline fragment (m/z 86) from sphingosine
and the phosphatidylcholine lipid headgroup (0-11 counts). (b) Acyl chain
fragment (m/z 69) is also indicative of cellular membranes and serves as
an internal standard (0-10 counts). (c) Vitamin E (m/z 430) is localized at
the soma-neurite junction as shown by the molecular ion (0-7 counts).
(d) Line scans for normalized vitamin E (top) and choline (bottom) begin
in the neurite and continue across the cell soma. The line scans have been
normalized with the acyl chain fragment signal. Images have a pixel size
of 3 µm. Scale bars are 100µm.
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and normalized by the acyl chain signal prior to comparison. The
normalized vitamin E signal is significantly increased at the soma-
neurite junction, while the normalized phosphatidylcholine signal
remains constant. Specifically, the vitamin E:acyl fragment ratio
in the soma-neurite junction is 165( 11% of the ratio found across
the cell, a statistically significant increase (p ) 0.004,n ) 12).
This localization is observed in all freshly isolated cells analyzed
and includes neurons from several different animals and ganglia.

Surprisingly, the amount of vitamin E observed in membranes
is greatly reduced in the neurite as opposed to the average for the
entire cell as shown in Figure 3. A similar trend is observed in
other cells, although the irregular shape and size of the neurites as
well as the low levels of vitamin E detected in the neurite make a
semiquantitative comparison difficult. Vitamin E is, however,
readily detectable in all regions of the neuron as could be expected
given its lipophilic antioxidant properties.

Vitamin E localization is not observed when samples are analyzed
several days following freeze-drying, during which time a redis-
tribution of molecules in the lipid membrane via diffusion could
be expected. Similarily, vitamin E localization is not observed when
cells are incubated in a vitamin E saturated physiological solution,
resulting in nonspecific integration into the cellular membrane.
Vitamin E begins to relocalize within hours following the replace-
ment of a saturated culture solution with fresh physiological solution
(data not shown).

The concentration of vitamin E in the junction region between

the cell soma and the low levels in the neurite itself is a new finding
that is consistent with several reported roles of the molecule.
Perhaps most intriguing is that the cellular localization supports
work that shows reduced axonal transport in cells lacking vitamin
E, supporting an active functional role in transport mechanisms
and/or cellular signaling of neurons.24 Recently, vitamin E has also
been shown to bind specifically to several proteins.25 As the
formation and maintenance of neuronal connections is a central
aspect of memory, the role of vitamin E in this process merits further
study.
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Figure 2. Comparison of mass spectra obtained from: (a) a vitamin E
standard and (b) a single, isolated neuron. The spectra show similar peaks
at m/z 430, 205, and 165. The proposed structures correspond to fragmenta-
tion along the corresponding line in the vitamin E molecule. The
phosphatidylcholine lipid headgroup (m/z 184) is observed in the neuron
sample (b). (Inset) Region of the molecular ion from (I) the vitamin E
standard and (II) the neuron.

Figure 3. Vitamin E levels across neuronal membrane. Vitamin E is
detected in each cellular region as expected but in varying amounts. This
is apparent when the vitamin E signal (*) (m/z 430) is compared to that of
phosphatidylcholine (∧) (m/z 184). Vitamin E is most abundant in the
junction region and is at particularly low levels in the neurite.
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