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ABSTRACT: The research conducted brain metabolite imaging of a depression model (mice) to discover hippocampal
metabolites related to depression phenotypes. This identification of hippocampal metabolites was expected to potentially enhance
the understanding of the mechanisms underlying depression and brain disorders at a molecular level. The methodology for this
research involved MALDI (Matrix-Assisted Laser Desorption/Ionization) Imaging Mass Spectrometry. More specifically, the
experimental procedure was as follows. The methods for this research involved MALDI (Matrix-Assisted Laser Desorption/
Ionization) Imaging Mass Spectrometry. More specifically, the samples of depressed and non-depressed mice were analyzed
using a 9.4T FT-ICR instrument, which simultaneously employs matrix-assisted laser desorption/ionization (MALDI) and
electrospray ionization (ESI). These procedures resulted in spatial distribution analysis of molecules in the brain tissue sample,
leading to visualization of lipidomics associated with depression phenotypes within the hippocampus. The FTICR-MS analysis
revealed mass composition differences in brain tissues between depressed and non-depressed models, particularly noting lipidomic
variations in the 700 to 1500 m/z range. Receiver Operating Characteristic (ROC) analysis identified a specific metabolite
(314.15363 m/z) predominantly found in non-depressed hippocampal tissue, indicating its possible role in depression. Identifying
differential lipidomics offers a path for understanding depression at a molecular level and developing potential therapeutic targets.

KEYWORDS: Medical Biochemistry, Matrix-assisted laser desorption/ionization (MALDI), Receiver Operating Characteristic

(ROC), Hippocampal metabolites, Depression phenotype.

B Introduction

Clinical depression, also known as major depressive disorder
(MDD), has emerged as one of the most prevalent psychiat-
ric illnesses in modern times with a high economic burden.!
Despite its severity, our understanding of the underlying
mechanisms of depression remains limited. Consequently, the
available treatments for MDD are often inadequate and are
somewhat similar to placebos. Therefore, it is crucial to gain a
deeper understanding of the underlying mechanisms and mo-
lecular changes associated with depression.

The hippocampus has been the site of the most extensive
research related to MDD. Previous studies have revealed var-
ious structural and functional alterations in the hippocampus
of individuals with depression, including reduced volume, im-
paired neurogenesis, and disrupted synaptic plasticity.>* Some
studies have even suggested that lipidomics, such as the hippo-
campal peroxisome proliferator-activated receptor & (PPARJ),
function as a switch for depression-like behaviors.*” These
findings suggest that the hippocampus is intricately involved
in the onset of depression. As a result, we hypothesized that
depression-related metabolites, or lipidomics, may be found in
the hippocampus at level 3, which is the primary focus of this
research as it offers key insights into the disease’s development.

To test this hypothesis, this research employs MALDI
Imaging Mass Spectrometry, using a high-resolution mass
spectrometer equipped with a laser microdissection system.

We focus on determining the hippocampal lipidomics and me-
tabolites related to depression phenotypes. MALDI Imaging
Mass Spectrometry is a powerful mass spectrometry technique
that enables the mapping of molecular distribution through the
simultaneous use of matrix-assisted laser desorption/ionization
(MALDI) and electrospray ionization (ESI).® To ensure opti-
mal lipid preservation and MALDI compatibility, brain tissue
sections from control and depressed mice will be prepared fol-
lowing established protocols for optimal lipid preservation and
MALDI compatibility, including fixation in paraformaldehyde
and cryosectioning at 10 um thickness.” To enhance the signal-
to-noise ratio and minimize fragmentation during desorption/
ionization, we will employ a laser energy-absorbing matrix,
such as 9-aminoacridine. Image acquisition will be conducted
in positive ion mode with optimized laser power and scanning
parameters to acquire high-resolution mass spectra across the
hippocampal region.® Subsequent data analysis, involving the
visualization of spatial distribution for individual lipid species
and statistical comparison of metabolite levels between con-
trol and depressed groups, will be carried out using specialized
software.

This technique offers several advantages, including nonde-
structiveness and high spatial resolution. It allows for a detailed
examination of molecular networks involved in depression
pathology. It proves particularly advantageous for visualizing
specific lipidomics associated with depression, as it provides
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spatial distribution analysis of molecules. By scrutinizing the
spatial distribution of these molecules, valuable insights into
the molecular alterations underlying depression can be ob-
tained.

Previous studies leveraging MALDI imaging to study
brain disease mechanisms have demonstrated its potential for
identifying crucial molecular changes and providing leads for
potential therapeutic targets.” Understanding the underly-
ing metabolic dysregulation in depression could lead to the
development of targeted therapies aimed at modulating spe-
cific lipid pathways or enzymes involved in the biosynthesis
or degradation. Furthermore, our findings could contribute
to developing noninvasive diagnostic markers for depression
based on MALDI-IMS analysis of peripheral tissues, poten-
tially improving early diagnosis and treatment initiation.

However, MALDI imaging also has its limitations. Direct
MALDI-TOF analysis of plasma without any sample prepa-
ration can lead to severe ion suppression effects. To address
this issue, this research utilizes a laser energy-absorbing matrix
to minimize fragmentation during the desorption/protona-
tion of sample molecules.® Previous studies have successfully
employed MALDI-IMS to identify depression-related lipid
alterations in rodent models (e.g., reduced phosphatidylcho-
lines and elevated sphingomyelins in the hippocampus). These
findings support the potential of our approach to uncover crit-
ical molecular signatures associated with depression. While
potential limitations, such as inter-animal variability and ma-
trix effects, careful tissue preparation, appropriate controls, and
advanced statistical analysis will be employed to ensure the va-
lidity and reliability of our results.

Mice were chosen as the experimental model for this study
due to their similarities to humans regarding biological traits.
Mice, like humans, are mammals and undergo many analogous
processes, such as aging, and have similar immune responses
to infection and disease. They also share approximately 90%
similarity in their genomes with humans.” These similarities
make mice a valuable model for studying human disorders and
diseases, including depression. Additionally, mice offer prac-
tical advantages such as a short lifespan, rapid breeding, and
well-characterized brain anatomy. Therefore, using mice as the
primary experimental model in this research is reasonable.

In conclusion, the overall research on determining the hip-
pocampal lipidomics and metabolites related to depression
phenotypes using MALDI imaging. The findings are expected
to enhance our overall understanding of brain disease mecha-
nisms while suggesting a potential therapeutic target for future
depression treatments.

B Methods

Development of depression mouse model:

C57BL/6 mice from Orient Bio were bred to obtain off-
spring for the study. Each newborn mouse was injected with
tricyclic antidepressant clomipramine at a dose of 20 mg/kg
every 24 hours from postnatal day 6 to 22.To create a control
group, another group of mice was administered the equiva-
lent volume of saline for the same time intervals. After this
injection period, only male mice were selected, considering the
difference in proneness to stress in male and female mice.

Behavioral experiments were conducted after 8 weeks, and
experimental models were born. The test mainly involved in-
troducing the C57BL/6 mice as an intruder into a home cage
of CD1 mice, recording the duration of the C56BL/6 fight-
ing against the resident’s attack. Exhibition of immobility or
contact with the CD1 was used to indicate that the modified
C57BL/6 mice were depressed.

Cardiac perfusion:

To perform the cardiac perfusion, an anesthetic mixture
(ketamine + xylazine) was injected intraperitoneally into the-
depression model (Figure 1). The mouse's four limbs were
then secured, ensuring the abdomen was fully extended, and
the stomach positioned upwards. A lateral incision below the
sternum and rib cage exposed the diaphragm and liver (Figure
2). The diaphragm was cut along the side in contact with the
abdominal skin using iris scissors to avoid damaging internal
organs. With partial incisions, the central bone of the rib cage
was bent upwards with a clamp to expose the thoracic cavity
containing the heart.

While holding the heart with forceps, a cannula was insert-
ed into the left ventricle. The tubing of the peristaltic pump
was attached to solutions containing 50 ml of each pre-pre-
pared 1X PBS and 4% PFA. A small incision was made in the
right atrium. The peristaltic pump was subsequently turned on
to replace blood in the circulatory system with PBS. The pump
was stopped once the liver color of the mouse turned white,

ensuring all the blood had been drained from the body.

Figure 1: Injection of anesthetic
mixture.

Figure 1: Mousc’s thoracic cavity.

Dissection (brain extraction):

To extract the brain from the mouse model, the proximal
end of the neck and vertebrae from the occipital bone of the
skull were cut using scissors. A scalpel was then used to draw
a midline and peel off the scalp. 2-3 midline cuts were then
made on the skull with the scalpel, creating shallow fractures.
The muscles and fat at the back of the skull were trimmed
using scissors, exposing the white brainstem and cerebellum.
The scissors were then inserted into the brainstem slightly to
cut the occipital skull in a cross-shaped pattern. By inserting
forceps between the skull and the brain, the skull was gently
twisted outward to remove it (Figure 3). Spatula was used to
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sever the optic nerves beneath the brain before the removal of
the brain.
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Figure 3: Craniotomy of mouse’s skull.

Tissue preparation:

To prepare the brain tissue for cryostat sectioning, a piece of
aluminum foil boat floated on liquid nitrogen while the tissue
was placed inside. After 5 seconds, a spatula transferred liquid
nitrogen inside the boat. The method was repeated every 5
seconds until the tissue was covered entirely (Figure 5). The
tissue was placed inside a plastic tube and stored at —80°C for
rapid freezing (Figure 6). The process is summed up in Figure
4.

Aluminium

TSS es
Liquid ssu foil boat

until bubbllng stops

mtrogen ° i :

Figure 4: Tissue preparation, rapidly freezing brain tissue in liquid
nitrogen!?

Figure 5: Rapid freezing using
liquid nitrogen.

Figure 6: Frozen brain tissue sample.

Cryostat sectioning™*:

The brain sample was added and positioned on a circular
cryostat block so the mouse’s frontal lobe faced upwards. A
mold was created by rolling a film into a cylinder shape and

placing it over the cryostat block. The mold containing the
sample was filled with OCT (Optimal Cutting Temperature)
and frozen inside the cryostat chamber (-25 degrees) until the
block turned opaque. The film paper was removed, and the
block (the disk) was placed in the mounting area.

The block was initially sectioned to a thickness of 100pum
by operating the cutting handwheel at a slow stroke. Once the
upper part of the brain sample was visible, the thickness was
adjusted to 15um, and sectioning was continued until level 3
of the mouse’s brain (Figure 8) was visible (Figure 7). The an-
ti-roll cover was then lowered to create another slice.

After removing the anti-roll cover, the slice was moved to
the lower area of the stage and unrolled using a brush (Figure
9). The ITO slide was then lowered over the slice

Figure 7: Level 3 section of mouse’s Figure 8: Seven transverse (coronal’

brain. hematoxylin and eosin—stained
sections corresponding to levels based
on anatomic target landmarks.?

Figure 10: - Brain tissue sample, heart sample, and intestine sample on ITO
glass slide.

Sample preparation for MALDI-IMS:

To prepare the sample for MALDI-Imaging Mass Spec-
trometry, 180 ml of ACN was mixed with 20 ml of 0.1% TFA
solution to create 200 ml of 90% ACN +10% H,O + 0.1%
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TFA solution. 30 mg of DHB was dissolved into the solu-
tion to produce a 15mg/ml matrix solution."® The tissue was
placed within the spray chamber and fastened to the TM
Sprayer using tape.

The plate was selected using the TM Sprayer control soft-
ware, and the spray area was adjusted so the tissue would be
thoroughly sprayed with the matrix solution (Figure 11). By
clicking the column next to the left of the method, the method
using DHB as its sprayer was selected (Figure 12). The pa-
rameters of the HTX TM-sprayer were adjusted to achieve a
homogeneous matrix crystal deposition; the temperature was
adjusted to 60 degrees, the gas flow rate to 3 1/min, and the
pressure to 10 psi (Table 1).”

After switching the valve to the LOAD position, a syringe
loaded the DHB matrix solution into the loop. The machine
was started after adjusting the matrix volume to 5 ml in the
Cycle tab. The valve was switched to SPRAY, and CONTIN-
UE was clicked when prompted. At the end of the Cycle, the
valve was switched back to LOAD, and the slide was removed
from the HTX TM-sprayer.
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Figure 11: Adjusting spray area. Figure 12: Choosing method

Table 1: Adjusting parameters including temperature (°C), number of passes
(count), concentration (mg/ml), flow rate (ml/min), velocity (mm/min), track
spacing (mm), pattern, pressure (psi), gas flow rate (I/min), gas flow rate (I/
min), drying time (s), and nozzle height (mm).

Temp | # Conc. Flow Velocity | Track Pattern | Pressure | Gas Drying | Nozzle
c) Passes | (mg/ml) | Rate (mm/min) | Spacing (psi) Flow Time Ht.
(Count) (ml/min) (mm) Rate | (s) (mm)
I/min;
90% ACN | 60 14 15 0125 | 1200 3 cC 10 2 0 40

+10% H20
+0.1%

TFA

MALDI-TOF MS and MS/MS:

For MALDI time of Flight (MALDI-TOF) mass spec-
trometry and Tandem mass spectrometry (MS/MS), the tissue
slide was transferred to the MALDI mass spectrometer using
the MTP slide adapter. Utilizing the MALDI-TOFSpec-
trometer, we acquired IMS spectra in positive and negative ion
reflector modes. The mass range was set between 0 and 3000
m/z with average signals from 500 laser shots with a frequency
0f 200. The peptide calibration standard of 800-3200 was used
for external calibration before each data acquisition. Baseline
subtraction for all obtained spectra was carried out, and the
data analysis software (Imagingflex, Scils lab, etc.) was used to
obtain density maps of the phospholipid species. The distribu-
tion of lipids at a spatial resolution of 200 pm per image pixel
was compared using (Figure 13).

MS/MS analysis was performed on selected phospholipids

to characterize further and confirm identified phospholipids.

Figure 13: Comparison of lipids at a spatial resolution of 200 um per image
pixel using.

B Results

The mass of 964,408 ionization points was determined
by the Fourier Transform Ion Cyclotron Resonance Mass
Spectrometry (FTICR-MS) analysis. Employing Mass Spec-
trometry Imaging (MSI), it was indicated that notable peaks
in intensity were observed within a 700-1000 m/z range (Fig-
ure 14), suggesting a specific range for the components of the
hippocampal region. However, previously imperceptible peaks
from 200-500 m/z and 1000-1500 m/z were found to gener-
ate a skyline spectrum region (Figure 15). This suggested that
meaningful hippocampal lipidomics could be seen from the
initial 7000-1000 m/z range. Therefore, the mass range for
implying the Receiver Operating Characteristic (ROC) algo-
rithm was expanded to 200-1500 m/z.

The ROC algorithm was also used to compare depressed
and non-depressed models. The algorithm visualized the spa-
tial distribution of molecules in each brain tissue, particularly
those that exhibited a significant intensity difference between
the two models, as MALDI images. Figure 16 displays the
top 50 substances with a higher intensity in the non-depressed
model that meet the condition. Figure 17 illustrates the top
50 more concentrated substances within the depressed model.

According to the generated MALDI images, the mass of a
hippocampal component reflecting the highest difference in
each model was identified as 314.15363 m/z. Specific to this
mass, Figure 18 illustrates a relatively more intense red col-
oration within the hippocampal region of the non-depressed
model. In contrast, this region appears yellow to blue in the
depressed model. This observation implies that the 314.15363
m/z substance is more likely to be found in the non-depressed
hippocampus than in a depressed hippocampus - suggesting
that its secretion might have been inhibited under depres-
sive conditions. In other words, the identified 314.15363 m/z
molecule can potentially be a hippocampal metabolite that
functions as a switch for depression.
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Figure 14: The mean spectrum of regions exhibits absolute intensity along
the mass-to-charge ratio (m/z). The m/z value range with notable peaks
indicates the specific range for the components of the hippocampal region.
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Figure 15: Skyline spectrum with enhanced sensitivity, highlighting
unperceived hippocampal components from Figure 15.
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Figure 16: MSI analysis, ROC top 50 higher-intensity substances in the
non-depressed model. Colors closer to red indicate high intensity, while
colors closer to blue indicate low intensity, showing regions of upregulated or
downregulated expression.

The upregulated or downregulated substances could indi-
cate hippocampal metabolites responsible for the switch for
depression.

LT
& Q%
VVLLLPRLDNDS

Q’%QQQQQQQ . t% Q)

Figure 17: MSI analysis, ROC top 50 substances in higher intensity at the
depressed model Colors closer to red indicate high intensity. In contrast,
colors closer to blue indicate low intensity — showing regions of upregulated
or downregulated expression. The upregulated or downregulated substances
could indicate hippocampal metabolites responsible for the switch for
depression.

Figure 18: The results of the MSI analysis for the substance corresponding
to 314.15363 m/z visualize the compound's spatial distribution. The areas
highlighted in red indicate a high concentration of the composition.

B Discussion

Despite the meaningful results, the number of experimental
subjects must be considered for its generalization. Due to en-
vironmental constraints, only a single case (n=1) was analyzed
for each depressed and non-depressed mouse within this re-
search. The limited quantity of datasets to confirm the result
leaves a possibility for thespecificity of data; the suppression
of 314.15363 m/z metabolite under depression might only
be present in the specific mice used in this research. Multiple
statistical methodologies were involved to compensate for the
limitation, particularly Skyline AUC, PCA, pLSA, and Heat-
map.

However, considering the research’s limitations, increas-
ing the number of analyzed mice models, ideally to at least 6,
would be required for a definite conclusion.

Nevertheless, the potential and value of the results ob-
tained from this research remain promising. This research
successfully mapped the spatial distribution of hippocam-
pal lipidomics of both depressed and non-depressed models.
The visual comparison between the results has specified the
mass of a potential substance that is suppressed during de-
pression: 314.15363 m/z. This aligns with similar reports of
lipidomic dysregulation in the brain during depression, such as
suppression of phosphatidylcholine(PC) or phosphatidyletha-
nolamine(PE)." Given the ability of specific bioactive lipids
to control emotions and mood-related manifestations, the
correlation between 314.15363 m/z lipidomic and depression
appears plausible.’ With further experimental refinements—
such as increasing the number of experimental subjects and
improving precision—this lipidomic could be definitively
identified, providing a potential therapeutic target in treating
depression.

B Conclusion

The research aimed to practice finding a decisive hippo-
campal metabolite for depression, either for its suppression
or causation. To accomplish this, MALDI images of the hip-
pocampus of both depressed and non-depressed mice were
generated. Using the ROC algorithm, the images were com-
pared in terms of composite substance intensity. The mass of
a hippocampal component with the highest intensity differ-
ence in each model was subsequently identified as 314.15363
m/z — more frequently found in the non-depressed model than
the depressed model. Despite the potential of this substance,
which has a corresponding mass, to function as a suppressor
for depression, the lack of quantity in data provides a hurdle
for a definite conclusion. However, the research provides a
promising foundation for future research, offering a general
understanding of a molecular neuroscientific approach to de-
pression etiopathogenesis.
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