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ABSTRACT: Time-of-flight secondary ion mass spectrometry (ToF-SIMS) was used to study the effects of cocaine versus
methylphenidate administration on both the localization and abundance of lipids in Drosophila melanogaster brain. A J105 ToF-
SIMS with a 40 keV gas cluster primary ion source enabled us to probe molecular ions of biomolecules on the fly with a spatial
resolution of ∼3 μm, giving us unique insights into the effect of these drugs on molecular lipids in the nervous system. Significant
changes in phospholipid composition were observed in the central brain for both. Principal components image analysis revealed
that changes occurred mainly for phosphatidylcholines, phosphatidylethanolamines, and phosphatidylinositols. When the lipid
changes caused by cocaine were compared with those induced by methylphenidate, it was shown that these drugs exert opposite
effects on the brain lipid structure. We speculate that this might relate to the molecular mechanism of cognition and memory.
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■ INTRODUCTION
The alteration of major brain lipids caused by cocaine was
compared to that induced by methylphenidate (MPH), both
psychostimulants but having opposite effects on learning, to
evaluate the patterns of their effects on the chemical structure
of the brain. Cocaine abuse is associated with cognitive deficits
in attention, learning, and working memory, impulsivity, and
behavior flexibility.1−4 Many studies have demonstrated that
cocaine can induce changes in phospholipid profiles due to
alterations in dopaminergic signaling, which have been
implicated in a number of human neurodegenerative diseases.5,6

Phospholipids that are highly enriched in the central nervous
system are involved in numerous functions, including neuro-
transmission, neuronal signal reduction, and membrane fusion
during exocytosis and endocytosis.7 Phospholipid translocation
during endo- and exocytosis results in the bending and
unfolding of the plasma membrane.8,9 Phospholipids also
function in the clustering and regulation of neurotransmitter
receptors.9−11 Alterations in lipid concentration, location, and
metabolism have been shown to affect exocytosis and

neurotransmitter release that might be associated with various
psychiatric and neurodegenerative disorders.12,13 There are
various reasons for the changes in brain lipid structures and
composition such as stress, depression, long-term diet, and
drugs, and it has been suggested that the cognitive impairment
caused by cocaine might be related to lipids.14,15 In addition,
several studies have accessed the effects of cocaine abuse on
lipid metabolism in human brains; however, the specific lipid
species altered following drug exposure are unclear. It is
possible that the change in phospholipid content in the brain
following repeated cocaine use might be an important factor in
the impairment of learning and memory.
MPH, a drug used to treat hyperactive children, also causes

significant changes to certain classes of lipids in the fly brain.16

This drug calms children, but its mechanism is cloudy, and in
contrast to cocaine, it clearly increases focus and cognitive
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ability. MPH appears to increase the high curvature lipids like
phosphatidylethanolamine and inositol and to decrease the
lipids associated with flat membrane curvature, like phospha-
tidylcholine, in the fly brain.
The development of mass spectrometry technology opened a

new opportunity to characterize and quantify lipids in complex
biological samples. Cumming et al. has shown the effects of
cocaine exposure on the abundance of phospholipid species in
rat brain and blood using electrospray ionization-mass
spectrometry.14 Mass spectrometric imaging can take this a
step further, allowing spatial localization of species. Simulta-
neous detection of all secondary ions from the samples with
low detection limit, high lateral resolution, and sufficient mass
resolution can be obtained with time-of-flight secondary ion
mass spectrometry (ToF-SIMS), and the sample preparation is
label-free and simple. Furthermore, the recently developed gas
cluster ion beam (GCIB) has provided a chance to image the
localization of intact molecules such as intact lipids as a result of
the reduced fragmentation by large size clusters.17,18

Drosophila has become an important system to study various
human genetic diseases, learning and memory, and character-
istics of addictive drugs.19,20 In this paper, we used ToF-SIMS
imaging to investigate the effect of cocaine on levels of specific
phospholipids in the nervous system of the fly. ToF-SIMS was
performed with a J105-3D Chemical Imager equipped with a
quasi-continuous 40 keV GCIB with clusters generated using
8% CO2 in argon.21 Positive and negative ions were analyzed to
maximize the coverage of different lipid species. We then
investigated the changes in lipid composition induced by MPH
in more detail and side by side with those of cocaine to
investigate if the contrast in behavior is also observed as a
change in chemical structure.

■ RESULTS AND DISCUSSION

Effect of Cocaine on Lipid Composition. Control and
cocaine-treated fly brain sections were kept frozen hydrated
during the ToF-SIMS analysis to prevent chemical delocaliza-
tion.22 Phospholipid species, particularly phosphatidylcholines
(PCs), phosphatidylethanolamines (PEs), and phosphatidylini-
sitols (PIs), were found abundant in Drosophila brain, examples
of which are shown in Figure 1 (larger list included in Table

S1). Most of these molecules localize in the central brain and
optical lobe areas.
Lipid species that make positive ions, like the phosphati-

dylcholine pseudomolecular ions ([M + H]+), such as PC
(34:1) at m/z 760.58 and PC (36:2) at m/z 786.60 are mainly
found in the central brain as shown in Figure 1A, B. These
species became visually more abundant in the central brain and
the optical lobes following oral cocaine administration. In
negative ion mode, PEs (e.g., PE (34:1), [M − H]− at m/z
716.52) and PIs (e.g., PI (36:4), [M − H]− at m/z 857.51) are
observed distributed over the whole brain in the control
samples (Figure 1C, D). After cocaine exposure, their overall
intensity decreased, and they were relocated to the anterior part
of the central brain and partially to the optical lobe. On the
basis of these data, it is clear that cocaine has significant effects
on the chemical structure of the brain, as it induces changes in
the spatial lipid organization of the fly brain, especially the
central brain.
Principal components analysis (PCA)22 was carried out on

the image data to identify the differences in the chemical
distribution after cocaine treatment (discussed in Figure S1). A
list of mass accuracies for all identified peaks is in Table S1.
Principal component 5 (Figure S1A) shows the most significant
changes for many of the PC species and their salt adducts
located in the salivary region and proboscis of the control brain.
Cocaine changes the localization of those species and their
distribution in the entire cocaine-treated brain (Figure S2).
Analyzing lipids that make negative ions, principal

component 4 shows that cocaine induces significant changes
of some fatty acids, PEs, and PIs in the fly brain tissue (Figure
S1B). These species are more dominant in the central brain and
optical lobes of the cocaine-treated brain, whereas they are
mainly observed only in the proboscis of the control brain. In
contrast, the PI headgroup (m/z 241.01), several other fatty
acids, and PE and PI species all distribute over the whole
control brain; however, they are only found in the proboscis of
the cocaine-treated brain. Again, cocaine exposure causes
significant distributional changes of these phospholipids in
the central region of the fly brain, which correlates with the
observed ion images (Figure 1 and Figure S1B).
Cocaine does not significantly affect the lipid content of the

optical lobes and proboscis; however, it dramatically alters the

Figure 1. Distribution of biomolecules in the Drosophila brain before and after cocaine treatment by ToF-SIMS in positive and negative ion modes.
A 40 keV Ar4000

+ beam with primary ion dose density 1.7 × 1013 ions/cm2 was used. Image area: 800 × 800 μm2 and 256 × 256 pixels; pixel size, ∼3
μm. Overlayed images: purple, control brain; green, cocaine-treated brain (positive ion mode) (A, B); green, control; red, treated brain (negative ion
mode) (C, D). Scale bar is 200 μm. A color “thermal” scale is shown.
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abundances of numerous intact phospholipids in the central
brain. Chemical species that showed changes in the central
brain in the image PCA were then compared across multiple fly
samples for further statistical analysis. In positive ion mode,
many PC species are significantly changed (p < 0.05, probability
value) (Figure 2 and Table S2) after cocaine administration.
The relative amounts of PC species and their salt adducts
significantly increased in the cocaine-treated brain, which is
correlated with the increased intensity of the PC headgroup
signal at m/z 184.07.
In negative ion mode, statistically significant changes were

observed (p < 0.05) in PE and PI signals (Figure 3 and Table
S3). The intensity of most PE peaks decreased after cocaine
exposure, although some were found to increase. For example,
the amounts of PE (36:3) and PE (36:2) in cocaine-treated
brains were ∼20% lower than the controls. The intensities of
PE (30:1) and PE (32:1) slightly decreased. Conversely, the
amounts of PE (34:1) and PE (34:2) were ∼20% higher in the
cocaine-treated brains. Overall, there is a small drop in the total
amount of PE species associated with the decreased signal of
PE headgroup at m/z 140.02. The change in the content of PIs
is similar to that of PEs. After cocaine exposure, the signal for

PI (36:4) at m/z 857.51 and PI (36:3) at m/z 859.53 decreased
∼15%, whereas the intensity of PI (34:2) at m/z 833.51 and PI
(34:1) at m/z 835.53 increased slightly. However, the general
trend of total PI intensities is a decrease after cocaine
administration, as represented by the slightly decreased
intensity of the PI headgroup at m/z 241.01. The chemical
structures of PCs and their salt adducts in Drosophila brain
were previously confirmed based on the fragmented PC
headgroup m/z 184.07 using MS2 on the same ToF-SIMS
instrument.23 From the same literature, the structures of PEs
and PIs and their corresponding fatty acid fragments were also
verified. Here, we found that several 16 and 18 carbon fatty
acids increased in abundance correlating to the increases for the
PEs and PIs mentioned above (Figure S3). This could be
explained by the fact that these fatty acids are the structural
components of these PEs and PIs, for instance, PE (16:0_18:1
or 16:1_18:0) and PI (16:0_18:1 or 16:1_18:0).

Cocaine Might Broadly Affect Cell Function via Lipid
Changes. The syntheses of PC, PE, and PI, the main
phospholipids altered by cocaine in the central brain, are related
via many biological synthesis pathways. In eukaryotes, most of
the PCs are synthesized by the CDP-choline pathway.24

Figure 2. Effect of cocaine on lipid abundance in the central brain of the fly using ToF-SIMS/40 keV Ar4000
+ GCIB (positive ions). Peak intensities

normalized to the number of pixels and total peak intensities. Error bars: standard deviation of 11 controls (blue bars) and 7 cocaine-treated brains
(red bars). Lipids were detected as [M + H]+ ions unless specified as +K or +Na.

Figure 3. Cocaine effect on lipids in the central brain of the fly brain using ToF-SIMS/40 keV Ar4000
+ GCIB (negative ions). Peak intensities

normalized to the number of pixels and total peak intensities. Seven controls and 6 cocaine-treated brains were used. Total contents of PE and PI
species were calculated by summing the molecular ion intensity of all their species. All species were detected as [M − H]− ions.
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Nonetheless, ∼30% of PCs are produced from the N-
methylation of PEs using enzyme phosphatidylethanolamine
methyltransferase.25,26 After cocaine, the PC level is increased
(Figure 2), and the PE level is decreased (Figure 3). It is
possible that the methylation process, where PE is converted to
PC, is elevated in the cocaine-treated flies.
Sharma et al. showed that dopamine could stimulate the

phospholipid methylation pathway by activation of the D4
dopamine receptor.27 The enhancement in phospholipid
methylation of PE could cause a decrease in phospholipid
packing density in the plasma membrane and thus change the
conformational dynamics of membrane proteins. Thus, an
increase of extracellular dopamine stimulated by cocaine might
enhance the methylation pathway and result in a larger amount
of PC and decreasing PE concentration. A reduction of PE
content in the brain tissue of a Drosophila epilepsy model and
human Alzheimer’s disease has been reported.28−30 Therefore,
the decrease in PE composition (Figure 3) in our data caused
by cocaine might similarly be associated with cell membrane
dysfunction and perhaps also with neurodegenerative diseases.
The cellular plasma membrane is a lipid bilayer that consists

of asymmetrical outer and inner leaflets of lipids. The outer
leaflet is enriched in cylindrical-shaped PC molecules, whereas
the inner one is concentrated with PE and PI. PE has an overall
conical shape with a smaller polar headgroup than that of PC.
Because of the high concentration of PE in the inner leaflet, a
small difference in lipid shapes supports the changes in lipid

bilayer topology into negative curvature.31 The alteration of PC
and PE abundance caused by cocaine influences the asymmetry
of the two membrane leaflets and consequently affects the
biophysical properties of the membrane, including bilayer
curvature, elasticity, and viscosity. Dawaliby et al. found that the
reduction in the ratio of PE/PC decreases the fluidity of the
membrane in insect cells.32 The modification in membrane
fluidity might cause impairment in many cellular processes that
are associated with brain disorders.33,34

Cocaine versus Methylphenidate. We have compared
the alteration of brain lipid structure induced by cocaine to
methylphenidate. MPH and cocaine similarly block the
reuptake of the dopamine transporter and increase the level
of dopamine outside the synapse.35 Although having similar
effects on the neurotransmitter system, cocaine produces
cognitive deficiency regarding attention, learning and memory,
and working memory,2,3,36,37 whereas MPH appears to enhance
cognition, memory, and behavior.38,39 MPH improves the
cognitive function of the prefrontal cortex, where task-relevant
information is encoded into working memory, a form of short-
term memory.40 MPH also significantly alters the lipid
composition of Drosophila brain.16 The opposite cognitive
effects of cocaine and MPH suggest a second molecular
mechanism for their action in the brain in addition to blocking
the dopamine transporter. We therefore performed experiments
in which three groups of flies were treated in parallel with

Figure 4. Relative quantification of biomolecular changes in the central brain of Drosophila following cocaine or methylphenidate administration
using ToF-SIMS/40 keV Ar4000

+ GCIB in positive (A) and negative ion mode (B) for 6 control, 5 methylphenidate central brains, and 5 cocaine
central brains.
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cocaine, MPH, or a yeast-fed control and report the data in
Figure 4.
The effects of cocaine and MPH on the lipids of the central

area of the fly brain are strikingly opposite and statistically
different, whereas no significant difference in lipid content is
observed in the optical lobes (Figure 4). A downward trend of
∼10% in the levels of PCs and their salt adducts is observed
after MPH administration (Figure 4A). On the contrary, the
levels of PCs increase moderately after cocaine treatment. MPH
increased the PE and PI content (Figure 4B), whereas cocaine
decreased the levels of the same species. PEs and PIs with a 34
carbon chain appear exceptional as their signal intensities are
significantly higher following both MPH and cocaine
administration. Cocaine causes an increase of ∼15% of total
phospholipid content, which is similar to that of other studies
using different models.14,41

In summary, MPH and cocaine have opposite effects on the
lipid structure of the fly brain, possibly implicating the
involvement of the brain lipids in learning and memory. The
cognitive-enhancing MPH causes the abundance of lamellar-
shaped lipids such as PC to decrease by 13% and the conically
shaped lipids PE and PI to increase by 20% (total PE and PI).
In contrast, cognitive-inhibiting cocaine increases the lamellar-
shaped PC by 30% and decreases the conically shaped PE and
PI by 9%. It is clearly possible that the morphological shapes of
the lipids relate to their molecular mechanism in neurological
effects caused by these drugs. In addition, the changes of the
brain lipids reported here occur following 3 days of drug
administration, suggesting that these lipid alterations might also
serve as markers of drug use.

■ METHODS
Materials. Cocaine hydrochloride, methylphenidate, and gelatin

were purchased from Sigma-Aldrich (Germany). The deionized water
was collected from a Milli-Q water system (Millipore, Merck,
Darmstadt, Germany).
Sample Preparation. Canton S flies, wild-type Drosophila strain,

were used for experiments. Three- to four-day-old male flies were
chosen and transferred to yeast paste containing 15 mM cocaine. The
flies were fed with the food containing cocaine for 3 days. The food
was replaced daily to maintain the concentration of cocaine. For all of
the fly heads to be kept in the same orientation, flies were placed into a
fly collar (4 M Instrument and Tool LLC) for analysis, which was then
put in a mold containing 10% gelatin solution. The gelatin mold was
frozen at −20 °C and then further cooled in liquid nitrogen. The
frozen block containing fly heads was detached and cryo-sectioned
using a cryo-microtome (Cryostat Leica CM 1520) at −20 °C to
obtain thin sections with 12 μm thickness. Sectioning and handling
was carried out under an argon atmosphere to avoid water
condensation on the sample surface. The fly brain sections were
thaw-mounted on indium tin oxide (ITO)-coated glass slides. The
frozen hydrated samples were rapidly transported in liquid nitrogen to
the argon-filled glovebox of the ToF-SIMS instrument and then
inserted into the vacuum chamber. The experiments were performed
using frozen-hydrated samples, and the temperature was kept below
−170 °C during measurements. The experiments were performed with
three different generations of flies treated with the drug.
For comparison experiments between cocaine and MPH, Drosophila

were treated with 15 mM of cocaine and 50 mM of MPH,16

respectively. A higher dose of cocaine causes fly death. The control
flies (flies fed with yeast only), cocaine-treated, and MPH-treated flies
were sequentially loaded on the same fly collar so that the embedding,
cryo-sectioning, and analysis were carried out under the same
conditions to be able to compare the results obtained from ToF-SIMS.
ToF-SIMS Imaging. ToF-SIMS analysis was performed using the

J105-3D Chemical Imager (Ionoptika Ltd., Southampton, UK). The

principle of this instrument has been described in detail elsewhere.21

In this study, a 40 keV Ar4000
+ GCIB was used as a primary ion beam

to sputter the sample surface with a cluster size of 4000 Ar atoms (8%
CO2 in Ar). High energy clusters were used to provide enhanced
yields for intact lipid signals in the biological samples. The spectra
were acquired over a m/z range of 80−950. The images were recorded
by scanning the 40 keV Ar4000

+ primary ions over an area of 800 × 800
μm2 with 128 × 128 pixels or with 256 × 256 pixels (stated in more
detail in the figures). The total ion dose density was 1.3 × 1013 ions/
cm2 in both positive and negative ion modes for the 128 × 128 pixel
images and 1.7 × 1013 ions/cm2 for the 256 × 256 pixel images.

Data Analysis. The data obtained from the J105 instrument were
analyzed using Ionoptika Image Analyzer software (Ionopika Ltd.,
Southampton, U.K.). Multivariate analysis, such as principal
components analysis (PCA), on the ToF-SIMS images was performed
using MatLab (The MathWorks Inc., Massachusetts, US). Regions of
interests within the ToF-SIMS images of the fly brain area were
selected in order to remove the interferences of inorganic species from
the ITO-coated glass substrate. The spectra were binned down to 0.1
Da within the mass range of 80−900 Da. The data were also
normalized to the number of pixels in the selected central brain area
and the total ion counts and mean centered before PCA analysis.
Moreover, further statistical analysis using t-tests was performed to
confirm the significant changes in molecular composition compared
between control- and drug-treated brain tissues.
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