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Mass Spectrometry Imaging Shows Modafinil, A Student Study Drug,
Changes the Lipid Composition of the Fly Brain
Mai H. Philipsen®, Elias Ranjbari*, Chaoyi Gu, and Andrew G. Ewing*

Abstract: Modafinil, a widely used psychoactive drug, has
been shown to exert a positive impact on cognition and is used
to treat sleep disorders and hyperactivity. Using time-of-flight
secondary ion mass spectrometric imaging, we studied the
changes of brain lipids of Drosophila melanogaster induced by
modafinil to gain insight into the functional mechanism of
modafinil in the brain. We found that upon modafinil treat-
ment, the abundance of phosphatidylcholine and sphingomye-
lin species in the central brain of Drosophila is significantly
decreased, whereas the levels of phosphatidylethanolamine
and phosphatidylinositol in the brains show significant en-
hancement compared to the control flies. The alteration of
brain lipids caused by modafinil is consistent with previous
studies about cognition-related drugs and offers a plausible
mechanism regarding the action of modafinil in the brain as
well as a potential target for the treatment of certain disorders.

M odafinil (diphenylmethyl-sulfinyl-2 acetamide) is a non-
amphetaminergic psychoactive drug with multiple positive
effects on wakefulness, locomotor activity, and cognitive
ability."! Modafinil is primarily prescribed for the treatment
of several kinds of sleep disorders.”) Recently, the therapeutic
efficacies of modafinil in the improvement of cognition in
Parkinson’s disease, attention deficit/hyperactivity disorder,
depression, and drug addiction have been demonstrated.”!
Despite its stimulant effect, modafinil depicts a limited
potential for abuse.! Currently, there is a rise in the use of
modafinil by healthy individuals, such as students or on-call
physicians, who need to boost their concentration in hard
work situations.”’

The mechanism of chemical action of modafinil is com-
plex and still uncertain after more than three decades of
research.! Studies on neurochemical levels have shown that
modafinil increases extracellular levels of dopamine, norepi-
nephrine, glutamate, and serotonin.l'l On the other hand, it
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attenuates GABAergic neurotransmission in the brain."
Some researchers have suggested that the presynaptic bind-
ings of modafinil to the dopamine transporter (DAT) and
norepinephrine transporter are key pharmacological events in
mediating the wake-promoting effects of modafinil.”! In
addition to that, several other studies have shown that
modafinil also modulates the activity of histamine, hypocre-
tin, adrenergic, and glutamate receptors. However, modafinil
interacts with DAT differently than classical cocaine-like
inhibitors.”® Based on in vitro experiments, modafinil exhibits
weak selective affinity to DAT, and not at all to any other
binding sites and receptors.”!

Beyond acting on the catecholaminergic system, modafi-
nil induces significant alterations in the lipid composition of
the brain.'”! The brain is a lipid-rich organ and various lipids
distribute in different regions of the brain. In the fly brain,
there are a variety of lipids distributed in the central brain,
optical lobes, and proboscis.'!! The lipid composition of the
brain is of great importance to different aspects of cellular
metabolism and function.'"” Alteration and perturbation of
fatty acid composition in the brain have been linked to several
neurological disorders and neurodegenerative diseases.!"!
Hence, understanding the knowledge about chemical lipid
composition in the brain is essential to pursue possible
mechanisms that occur in diseases. Although some papers
have discussed the effect of modafinil on the lipid alterations
in the brain and blood,'™¥ this is the first report of
modafinil’s effect on the regional composition of the phos-
pholipids, triacylglycerols (TAG), and sphingolipid in the fly
brain.

The major development having spurred advances in lipid
analysis is mass spectrometry.l'” Time-of-flight secondary ion
mass spectrometry (ToF-SIMS) imaging!"!! is well suited for
the study of lipids in biological samples from single cells to
large biological tissue sections,'’l allowing parallel and label-
free detection of a wide range of molecular species with m/z
up to 1500 Da, including small molecules, intact lipids, and
small peptides."! Liquid chromatography mass spectrometry
(LC-MS) can also be used to determine the alteration of the
brain’s lipid composition as it is very sensitive and can be
quantitative ; however, it provides no localization information
since the lipids need to be extracted from the homogenate
matrix of the brain. Regardless of the analytical approach, the
LC-MS’s success rate, in this case, depends on the complete-
ness of lipids extraction from the brain tissue. Moreover,
coextracted components from the complex matrix of the brain
will affect both the sensitivity and specificity of the lipid
extraction and analysis.

In this work, we applied ToF-SIMS imaging to identify the
lipid changes in the fly brain following modafinil treatment.
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We have discovered that modafinil induces alterations in the
concentration and metabolism of brain lipids, which might be
associated with the cognitive-enhancing effects brought by
modafinil. These changes are similar to those for the cognition
enhancing methylphenidate and opposite to cognition-dimin-
ishing cocaine.!

For over a century, the fruit fly, Drosophila melanogaster,
has been a key model for studying biological processes
involved in cognitive functions, memory, and learning."”
Furthermore, the fruit fly has a relatively simple nervous
system but possesses high physiological similarities to
humans."® Hence, we used Drosophila to investigate the
effects of modafinil on the chemical lipid structure of the
brain. We hypothesize that this psychostimulant acts in part
by altering the lipidic structure of the brain.

We fed the flies with a yeast-based food containing 10 mM
of modafinil for three days followed by TOF-SIMS imaging
(Figure 1). The ToF-SIMS data offer semi-quantification of
the relative abundance of several lipid species in fly brains as
well as their spatial distribution across the sample surface.
Full spectra and a peak assignment list of ToF-SIMS analysis
for fly head sections are provided in the Supporting Informa-
tion, Figure S1, and Table S1.

Figure 1 reveals the localization of different lipid frag-
ments across the fly brain of control and modafinil treatment
groups. Phosphatidylcholine (PC) and sphingomyelin (SM)
have the same structure for their phosphate head group and
thereby, produce the same head group ion at m/z 184.1
corresponding to phosphocholine. The peak at m/z 224.1,
however, is characteristic of the PC fragment and is distinct
from SM.I! ToF-SIMS images of freeze-dried fly brain
sections show that the fragments at m/z 184.1 and 224.1 are
distributed evenly across the entire surface of the brain but
appear with stronger intensities in the optical lobe regions.
After modafinil administration, there is no significant differ-
ence in the distribution of these peaks, but the intensities
decrease. In contrast to the PC fragments, modafinil induces
an elevation of the levels of phosphatidylethanolamine (PE)
fragments at m/z 140.0 and 180.1. The ion images of some
intact lipids are also provided in Figure S2.

To investigate the alteration of the lipid composition in fly
brains after modafinil administration, we applied region of
interest (ROI) selection to different regions of the fly section
including the central fly brain and optic lobes using lipid
membrane signals (Figure S3). The data obtained from ToF-
SIMS imaging are usually complex and large in size contain-
ing perhaps thousands of peaks. Principal component analysis
(PCA), therefore, is used to simplify data with a minimal loss
of information. Modafinil induces an alteration of the lipids of
the central area of the fly brain. There is no significant
difference in the optic regions after modafinil treatment.
Interestingly, psychostimulants, such as cocaine and methyl-
phenidate, also showed no effect on the lipid contents in the
fly optic lobes.'"1®! PCA in the positive ion mode displays
a clear separation across the principal component 2 (Fig-
ure 2 A). The contributions to the loading plot generated from
principal component 2 identifies the main chemical species
that change after modafinil exposure (Figure 2 B). Modafinil
induces depletion of PC and SM species in the central fly
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Figure 1. ToF-SIMS images display the distribution of lipid headgroup

fragments in fly brain sections of control (left column) and modafinil-
treated (right column) flies analyzed with ToF-SIMS. A),B) lon images
of the PC and SM head group at m/z 184.1 in the positive ion mode;
C),D) PC fragment at m/z 224.1 in the positive ion mode; and E)—

H) PE fragments at m/z 140.0 and 180.1 in the negative ion mode. All
the images were recorded with the ToF.SIMS V instrument equipped
with 25 keV Bi;** as a primary ion beam. The primary ion beam

current was 0.3 pA and the total ion dose was 2x 10 ionscm™2.
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brain regions. For example, species SM (d32:1) 4+ Na at m/z
697.5, SM (d34:1) + Na at m/z 725.5, PC (34:1) at m/z 760.6,
PC (34:1) + K at m/z 798.5, PC (36:4) + Na at m/z 804.5, and
PC (36:3) + K at m/z 822.5 are less abundant in modafinil-
treatment samples compared to control. The decrease in the
levels of PCs and SMs are associated with their fragments at
m/z 184.1 and 224.1 observed in Figure 1. The ratios of Na/K
adducts over [M+H]" for different PC species are also
compared after modafinil administration, as seen in Fig-
ure S4. The treatment of modafinil showed no effect of the
salt levels in fly brains. In contrast to PC species, Na/K salts of
TAGs, such as TAG (46:2) + K at m/z 815.7, TAG (48:1) + Na
at m/z 827.7, TAG (48:2) + K at m/z 841.7, and TAG (50:2) +

Angew. Chem. Int. Ed. 2021, 60, 17378 -17382 © 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH www.angewandte.org

Angewandte

intemationalEdition’y Chemie

17379


http://www.angewandte.org

17380

were used for PCA.

Angewandte

. .
Communications mermasonalEdiony) Chemmie
A B | sM(32:1)+Na PC(34:1) PC(34:1psK  PC(36:4)+Na The lipid composition has been primarily identified using the
m/z697.5 m/z760.6 m/z798.5 m/z804.5 . . .. . ..
\ 02 ¥ PC (36:3)4K relative intensities of different lipid molecules. We observe
0.2| Control SM (d34:1)+Na m/2822.5 fott foni T
. b a statistically significant decrease (p < 0.05, probability value)
~E 04 in the abundances of PCs and their Na/K adducts in
- e . . . . . . . .
g | modafinil-treated fly brains (Figure 4). Likewise, modafinil
o
£ o .
S 50 700 750 800 850 900
©
2 PC/SM fragments
E-o.1 . PCs = CONTROL
a 0.4 W MODAFINIL
TAG (46:2)+K
02| Modafinil ,,,/,gu.,)* Z 0.004 t
TAG (48:1)+Na TAG (50:2)+K e * i
0.5 o 05 e m/28271.7 m/z869.7 g .
Principal component 1 TAG (48:2)+K TAG (50:2)+Na £ 0.003
m/z841.7  m/z853.7 g
N
Figure 2. PCA of the positive ion mode data of the central brain TE‘ 0.002
regions of control versus modafinil-treated flies from the ToF-SIMS 5
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K at m/z 869.7, are more abundant in modafinil-treated fly
brains compared to control.

In the negative ion mode, PCA separates control and
modafinil-treated flies completely across principal compo-
nent 2, as seen in Figure 3 A. The loading plot associated with
principal component 2 suggests that modafinil-treated flies
have higher levels of PE and PI species, such as PE (34:1) at
m/z 716.5, PE (36:1) at m/z 744.6, PE (38:2) at m/z 770.6, P1
(32:1) at m/z 807.5, PI (34:1) at m/z 835.5, and P1 (36:3) at m/z
859.5 (Figure 3B). Similar to the positive ion mode, unsatu-
rated SM species, which are detected as [M—CH,]~,?" appear
to be reduced following modafinil administration, including
SM (d32:1) at m/z 659.5, SM (d34:1) at m/z 687.5, SM (d36:1)
at m/z 715.6, and SM (d42:2) at m/z 797.6.

PCA analysis is one of the best approaches to indicate the
peaks associated with the separation. However, it is hard to
interpret the precise differences based on the scores and
loadings. Hence, the changes in the level of each molecular
species are measured and evaluated with statistical analysis.
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Figure 3. PCA of negative ion mode data of the central brain regions
of control versus modafinil-treated flies from the ToF-SIMS experi-
ments. A) Score plot of principal component 1 versus principal
component 2 from the spectra. B) Corresponding loading plot of the
principal component 2 showing the peaks contributing to the separa-
tion of the two fly groups. Twelve samples of control and treated flies
were used for PCA.
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Figure 4. Relative quantification of PC species in the central brains of
control and modafinil-treated samples. Data were collected from 23
flies for control and 24 flies for modafinil-treated group. Green and red
bars correspond to control and modafinil-treated groups, respectively.
Peak intensities of lipid species were normalized as discussed in the
SI. The error bars represent standard error of the mean (SEM). PC
species were detected as [M+H]" unless specified as Na/K adduct
species. *: p<0.05, **: p<0.01.

induces a depletion in the abundance of the Na adducts of
unsaturated SM species, as seen in Figure S5A. A decrease in
the signals of head group ions at m/z 184.1 and 224.1
correlating to PC and SM species is obtained following
modafinil exposure, as (Figure 4). In contrast, we find that the
relative amounts of Na/K adducts of TAG species increase in
flies fed with modafinil (Figure S5A). We speculate modafinil
enhances TAG levels by enhancement of cyclic adenosine
monophosphate (cAMP) levels. Modafinil blocks the KCa3.1
channel, resulting in the elevation of the intracellular cAMP
levels.”!] Also, it has been reported that modafinil promotes
cAMP levels as a G protein-coupled adenosine receptor
agonist.””) As the cAMP signal pathway is involved in the
regulation of TAG biosynthesis,® we speculate that the
upregulation of the TAG induced by modafinil might result
from G protein-coupled adenosine receptor activation.

The data obtained from PCA analysis of ToF-SIMS
spectra in the negative ion mode show opposite alterations
for the PE and PI levels compared to those for PC and SM.
There is a significant elevation in the relative abundances of
unsaturated PEs and PIs, as shown in Figure 5. Specifically,
the PE and PI fragments at m/z 140.0, 180.1, and 241.1 are
elevated after modafinil exposure. Consistent with the results
obtained from the positive ion mode, modafinil causes
a decrease in the levels of unsaturated SM species with 32,
34, 36, and 42 carbon fatty acid chains (Figure S5B). PC is
a precursor for SM synthase that transfers phosphorylcholine
from PC to ceramide during the synthesis of SM.?* Hence,
a decrease of SM in the modafinil-treated flies could be the
result of PC attenuation. A role for SM in neuroinflammatory
regulation has been suggested.™ Enhanced levels of SMs
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Figure 5. Relative quantification of PE and PI species in the central
brains of control and modafinil-treated Drosophila. Data were collected
from 24 flies for both groups. Green and red bars correspond to
control and modafinil-treated groups, respectively. The error bars
represent SEM. PE and PI species were detected as [M—H]™. *:
p<0.05, %% p<0.01.

have been associated with neuroinflammation and heart
disease.”! In addition to wake-promoting properties, the
chemical mechanisms of modafinil could protect against
dopamine toxicity, cell death, and especially neuroinflamma-
tion.””! Our data reveal that modafinil induces a reduction in
SM levels in fly brains, suggesting an action pathway using the
anti-inflammation properties of modafinil in the brain.

Phospholipids are unequally localized in the two mem-
brane leaflets of neurons and thereby, the ratio of PC/PE may
affect the biophysical properties of the membrane, including
bilayer curvature, elasticity, and viscosity. The intrinsic
curvature of the phospholipids, depending on the size of
their headgroups and their acyl chain compositions (length
and saturation degree), confers various membrane shaping
needed in several neuronal functions. Previous studies
revealed that exocytosis, as an axial intercellular communi-
cation process, is impacted by the intrinsic curvature of
lipids.”® The reduction in the low curvature lipids, PC and
SM, and the enhancement of high curvature lipids, PE and PI,
after modafinil treatment, appear to be similar to the lipid
changes induced by methylphenidate, a cognition-enhancing
drug.'1%] Interestingly, our previous studies on fruit flies
showed that cocaine and zinc deficiency increase PC levels
while reducing the abundance of PE and PI species, which are
opposite to the effect of modafinil on lipid composition shown
here, [165:29]

In summary, our ToF-SIMS data reveal that chemical
student drug modafinil decreases PC and SM levels, while it
enhances the abundance of PE and PI species in a fly brain
model. Modafinil induces alterations in the concentration and
metabolism of brain lipids, which might be associated with the
cognitive-enhancing effects brought by modafinil. While most
studies have focused on the effects of modafinil on different
proteins, the fundamental results of this work from a lipid
perspective might be important for understanding the corre-
lation of modafinil’s cognitive impact and the compositional
changes of phospholipids in the brain. These data also suggest
lipid-modifying therapies as new possible chemical targets to
improve cognitive decline in diseases.
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