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A B S T R A C T

In the current study, we aimed to analyze the lipid changes in the dorsal root ganglion (DRG) after sciatic nerve
transection (SNT) using matrix-assisted laser desorption/ionization imaging mass spectrometry (MALDI-IMS).
We found that the arachidonic acid-containing phosphatidylcholine (AA-PC), PC(16:0/20:4) largely increased,
while PC(16:0/18:1), PC(18:0/18:1) and phosphatidic acid (PA)(36:2) levels largely decreased in the DRG
following nerve injury. Previous studies show that the increase in PC(16:0/20:4) was associated with neuro-
pathic pain and that decrease in PC(16:0/18:1), PC(18:0/18:1), and PA(36:2) were due to producing lysopho-
sphatidic acid (LPA), an initiator for neuropathic pain. These results suggest that the lipid changes in DRG after
SNT could be the result of changes for the cause of neuropathic pain. Thus, blocking of LPA could be potential for
treatment of neuropathic pain.

1. Introduction

Peripheral nerve injury provokes changes in neuronal, electro-
physiological and immunological interactions within the spinal cord
and dorsal root ganglion. Therefore, numerous investigations has been
performed to elucidate the molecular and proteomic change occurring
in the spinal cord after nerve injury [13,20,27]. Dorsal root ganglion,
which is directly connected from peripheral nerve has been extensively
studied for the molecular changes occurring after nerve injury
[8,12,14,26]. However, how the expression of lipids change after nerve
injury remains unknown.

Lipids are the most abundant biomolecules in the nervous system
[17,19,22]. Lipid molecules are involved in many cellular functions
including regulation of the physical properties of the cellular membrane

and those involved in neurotransmitter signaling [1]. In our previously
studies, we have focused on analyzing changes in phosphatidylcholines
(PCs) in the spinal cord after sciatic nerve transection (SNT), spinal cord
injury in the presence and absence of IL6 inhibitor and in amyotrophic
lateral sclerosis model mice using matrix-assisted laser desorption/io-
nization imaging mass spectrometry (MALDI-IMS) [3,4,11,28]. MALDI-
IMS is a powerful and practical tool for lipid analysis [9,23].

As massive transcriptional changes occur after peripheral nerve
injury [6], we hypothesized that the lipids within the DRG could also be
differentially regulated after nerve injury. The purpose of this study was
to investigate the change of lipids in the DRG after sciatic nerve
transection using MALDI-IMS.
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2. Materials and methods

2.1. Animals

All experimental protocols were performed in accordance with the
guidelines set by the Ethics Committee of Hamamatsu University School
of Medicine. All experiments were conducted according to protocols
approved by the Animal Care and Use Committee of the Hamamatsu
University School of Medicine. Eight-week-old C57BL/6JJmsSlc male
mice (weight: 16–21 g) purchased from SLC Inc. (Hamamatsu, Japan)
were used in this study.

2.2. Chemicals

Methanol, potassium acetate, and ultrapure water were purchased
from Wako Pure Chemical Industries (Osaka, Japan). Additionally 2,5-
dihydroxybenzoic acid (DHB), a Matrix-Assisted Laser Desorption
Ionization matrix, was purchased from Bruker Daltonics (Fremont, CA,
USA). All chemicals used in this study were of the highest purity
available.

2.3. Sciatic nerve transection model

Three mice were anesthetized with ketamine 100mg/kg and xyla-
zine 10mg/kg. Sciatic nerve transection (SNT) was performed by
transecting the left sciatic nerve at the mid-hind limb level. The skin

Fig. 1. Characterization of primary PC molecular species in DRG and nerve root of the control group.
A representative mass spectrum obtained from an entire control DRG and nerve root section by MALDI-IMS. In the spectrum, the intense mass peaks corresponding to
11 abundant PCs were assigned based on their masses and previously reported data [22] (A). Differential distribution of PC molecular species in a control DRG and
nerve root section. An optical image of a hematoxylin and eosin-stained mouse DRG and nerve root section and ion images of PCs obtained from the consecutive
section by MALDI-IMS are depicted. Ion images of PCs are arranged according to their fatty acid (FA) compositions; PCs with identical FA compositions at the sn-1
position are arranged lengthwise, while those with identical FA compositions at the sn-2 position are arranged horizontally [11] (B). The specific FA composition is
associated with several unique localization features. In the DRG of the SNT mice, the signal intensity of PC(16:0/20:4) (m/z 820.5; enclosed in the orange frame),
increased further and the signal intensities of PC(16:0/18:1) (m/z 798.5; enclosed in the pink frame) and PC(18:0/18:1) (m/z 826.5; enclosed in the pink frame)
decreased further than those of control DRG (C, D). The detected ions were of potassium adducts. Scale bars: 200 μm.
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layers were closed using a surgical stapler. Three mice were housed in a
humidity- and temperature-controlled colony room with a 12 h light/
dark cycle (lights on at 08:00) and food and water available ad libitum.

2.4. Tissue preparation for MALDI-IMS

Five days after SNT, the mice that had undergone SNT (SNT mice)
were euthanized with a controlled overdose of pentobarbital sodium
(25mg/kg) and the L5 DRG were extracted and analyzed. Three naive
mice were used as controls (control mice), and a total of 6 mice were
used in this study. These DRG were embedded in carboxymethyl cel-
lulose solution immediately after dissection and were flash frozen on
dry ice and stored at −80 °C. Tissue sections (10 μm) were prepared at
−20 °C using a cryostat (CM1950; Leica, Wetzler, Germany) and placed
alternately onto glass slides coated with indium-tin-oxide (ITO)
(Matsunami) for MALDI-IMS assessment, and onto un-coated glass
slides (Matsunami) for hematoxylin and eosin staining. For MALDI-IMS
analysis, a DRG section of one SNT mouse and that of one control were
mounted onto the same ITO glass slide. These experiments were re-
peated three times.

2.5. IMS sample preparation and MALDI-IMS analysis

DHB solution (40mg/mL DHB, 20mM potassium acetate, 70%
methanol) was used as the matrix solution. The matrix solution (ap-
proximately 1000 μl) was sprayed over the tissue surface using a TM-
Sprayer (HTX Technologies; Carrboro, NC, USA). In the TM-Sprayer, a
constant flow of heated sheath gas (N2, set at 10 psi) was delivered
conjointly with the matrix solution spray. The temperature of the
sheath gas was maintained at 75 °C. The solvent pump system used was
a Smartline P1000 (Knauer, Berlin, Germany) operated at a flow rate of
0.3 mL/min. The TM-Sprayer software was used for the system opera-
tions. Tissue sections were spray coated with the matrix solution so that
extraction and co-crystallization could be performed simultaneously.
MALDI-IMS analyses were performed using a MALDI-Fourier transform
ion cyclotron resonance type instrument (Solarix XR; Bruker Daltonics)
equipped with a Bruker Smartbeam-II™ Laser. The laser was set to the
small spot size with 50% laser power. Mass spectra ranging from mass-
to-charge ratio (m/z) 600 to 1000 were collected. The laser scan pitch
was set to 25 μm. Calibration of the m/z values was performed for each

MALDI-IMS measurement using a standard calibration substance,
namely sodium formate. Signals were collected using flexControl soft-
ware (Bruker Daltonics) and reconstruction of ion images (normalized
by total ion current) was performed with flexImaging 4.0 software
(Bruker Daltonics). To distinguish the nerve roots from the cell bodies,
we performed HE staining on a consecutive section (Fig. S1). The dif-
ference of HE staining intensity helped us to clarify the borders of these
two regions in IMS figures. In the figures, the borders are marked with
lines. The same method was used in our previous study [28].

2.6. Immunohistochemistry

Frozen sections mounted on MAS-coated glass slides were equili-
brated at room temperature for 10min and then fixed with 2% paraf-
ormaldehyde for 15min at room temperature. After washing three
times with PBS for 5min, sections were blocked with blocking solution
[PBS containing 1% bovine serum albumin, 2% blocking reagent
(Roche 11,096,176,001), and 0.1% Triton X-100] for 60min at room
temperature. Sections were incubated with the primary antibodies, rat
anti-F4/80 (1:200; Abcam, Cambridge, United Kingdom) and rabbit
anti-P2X purinoceptor 4 (P2RX4; 1:200; Proteintech), in a humidified
chamber at 4 °C overnight, then washed three times with PBS, and in-
cubated for 60min at room temperature with the secondary antibodies
Alexa Fluor 594 donkey anti-rat IgG (Abcam, Cambridge, United
Kingdom) and Alexa Fluor 488 goat anti-rabbit IgG (Abcam,
Cambridge, United Kingdom). Slides were mounted with VECTASHI-
ELD Antifade Mounting Medium with DAPI (Vector Laboratories, Inc,
Burlingame, USA). Images were collected using IX83 microscope
(Olympus, Japan). Final adjustment of contrast and intensity was done
using Adobe Photoshop.

2.7. Histogram analysis

Each lipid images taken by MALDI IMS analysis were expressed as
gray scale using flexImagin 4.0 software (Bruker Daltonics). In the gray
scale images, the peak intensities of each pixel were transformed to
percentage and expressed as gray level. The gray scale images were
imported to ImageJ (https://imagej.nih.gov/ij/) and then converted to
8-bit gray scale. Finally, histogram was generated from each region of
interest (ROI) and that of pixel binned by 255 Gy level was depicted.

Fig. 2. Quantitative comparisons of AA-PC le-
vels between control and SNT mice. This ana-
lysis was performed three times using one pair
of mice, per experiment. The PC(16:0/20:4)
(m/z 820.5) levels were increased in SNT mice
(Fig. A and B). The signal intensities of these
AA-PCs were higher in the DRG than in the
nerve root (A). The detected ions were of po-
tassium adducts. Scale bars: 200 μm. (B) The X
and Y axes indicate gray level and frequency of
pixel in image respectively.
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The dynamic ranges of signal intensities were consistent in each ex-
periment.

X-axis represents the relative signal intensities and Y-axis shows the
amount of data points.

2.8. Statistical analysis

Cohen’s method was used for evaluating the differences of the data

[7]. We calculated Cohen’s d of the gray level of pixels in image for 3
biological replicates. If the Cohen’s d larger than 0.8 for increase or
smaller than -0.8 for decrease in SNT compared with control sample
and more than 2 biological replicates pass the criteria, we defined its
lipid is largely changed by SNT. Mean value, Standard deviation (SD)
and the results of statistical analysis of each specimen were summarized
in Table S1. Welch’s t-test was performed using the Statistical Package
for the Social Science (SPSS) software (version 25; SPSS, Chicago, IL,

Fig. 3. Quantitative comparisons of MUFA-PC levels between control and SNT mice. This analysis was performed three times using one pair of mice, per experiment.
PC(16:0/18:1) (m/z 798.5) and PC(18:0/18:1) (m/z 826.5) levels decreased in the DRG of the SNT mice (A–D). The signal intensities of PC(16:0/18:1) (m/z 798.5)
and PC(18:0/18:1) (m/z 826.5) were evenly detected in the DRG and the nerve root (A, C). The detected ions were of potassium adducts. Scale bars: 200 μm. (B, D)
The X and Y axes indicate gray level and frequency of pixel in image respectively.
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USA).

3. Results

3.1. MALDI-IMS analysis for the dorsal root ganglion and nerve root

First we analyzed the lipid distribution in the DRG and the nerve
root in control mice using MALDI-IMS. Mass spectra ranging from m/z
600 to 1000 were collected and 11 phospholipids that were identified in
the previous study [22] were analyzed (Fig. 1A). The detected ions
were of potassium adducts. The signal intensities and distributions of
the PCs are presented in Fig. 1B.

After nerve injury, of the signal intensity of PC(16:0/20:4) (m/z
820.5) became stronger and a the signal intensities of PC(16:0/18:1)
(m/z 798.5) and PC(18:0/18:1) (m/z 826.5) appeared to be weaker
(Fig. 1C, D).

3.2. Increased level of PC(16:0/20:4) in the DRG after nerve injury

In our previous study [28], we found increase of an arachidonic
acid-containing PC (AA-PC), PC(16:0/20:4) (m/z 820.5), which is one
of the n-6- polyunsaturated fatty acids (PUFAs), in the ipsilateral ven-
tral and dorsal horns of the spinal cord after SNT. As with our previous
study, the signal intensity of the AA-PC was largely higher in the DRG of
the SNT mice in comparison to control mice (Fig. 2A, B). However, we
observed no difference in the signal intensity of PC(18:0/20:4) (m/z
848.5) (A, B) and PC(18:1/20:4) (m/z 846.5) in comparison with the
controls (Fig. S2 A–D).

3.3. No change in docosahexaenoic acid-containing PC levels in the DRG
after nerve injury

Docosahexaenoic acid (DHA), one of the n-3 PUFAs, has been re-
ported to be involved in neuronal protection in the injured hippo-
campus [10]. We therefore analyzed the distribution of DHA-containing
PCs (DHA-PCs), such as PC(16:0/22:6) (m/z 844.5), PC(18:0/22:6) (m/
z 872.5), and PC(18:1/22:6) (m/z 870.5), but the levels of these DHA-
PCs did not change after SNT (Fig S3 A–F).

3.4. Decrease in levels of monounsaturated fatty acid -containing PCs in the
DRG after nerve injury

Monounsaturated fatty acid (MUFA) is another class of fatty acid
species and generally situated at the sn-2 position of several phospho-
lipids [21]. MUFA-PCs, PC(16:0/18:1) (m/z 798.5) and PC(18:0/18:1)
(m/z 826.5) were detected in both DRG and the nerve root (Fig. 3A, C).
After nerve injury, there was a large decrease of both PC(16:0/18:1)
and PC(18:0/18:1) in the DRG in comparison with the controls (Fig. 3A-
D). However, we observed no difference in the signal intensity of
PC(18:1/18:1) (m/z 824.5) in comparison with the controls (Fig. S4A,
B).

3.5. Altered levels of PA in the DRG

Using the MALDI-IMS data, we performed an unbiased screening of
the lipids that were present at different levels in the DRG after nerve
injury (Fig. 4). We found that the phosphatidic acid (PA)(36:2) (m/z
739.5) level largely decreased in the DRG of SNT mice (Fig. 5A, B), but
the PA (34:1) (m/z 713.5) and PA(36:1) (m/z 741.5) level remained
unchanged (Fig. S5 A–D).

3.6. Increased intensities of F4/80 immuno-positive cells in the DRG after
nerve injury

The staining showed marked increase of the F4/80 immuno-positive
cells with nerve injury, resembling the expression pattern of PC(16:0/
20/4) (Fig. 5A). P2× 4 receptors in the spinal cord activate microglia,
and correlate with generation of neuropathic pain [5]. We therefore
pursued immunostaining of the P2RX4. However, there were no ob-
vious P2RX4 immuno-positive cells change between control and SNT
mice (Fig. 5B). There were no obvious co-localization between F4/80
and P2RX4 immuno-positive cells (Fig. 5C).

4. Discussion

In this study, we found that the PC (16:0/20:4) level significantly
increased in the DRG following nerve injury as with our previous study
showing large increase of PC (16:0/20:4) in the dorsal horn after per-
ipheral nerve injury [28]. This could partly be due to the activated

Fig. 4. Quantitative comparisons of PA levels
between control and SNT mice. This analysis
was performed three times using one pair of
mice, per experiment. The PA(36:2) (m/z
739.5) level decreased in the DRG of SNT mice
(A and B). The detected ions were of potassium
adducts. Scale bars: 200 μm. (B) The X and Y
axes indicate gray level and frequency of pixel
in image respectively.
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macrophages within the DRG as we observed marked increase of F4/80
immuno-positive cells.

We observed large signal reduction of PC(16:0/18:1) and PC(18:0/
18:1) in the DRG after nerve injury. This decline is considered to be
associated with production of lysophosphatidic acid (LPA) because LPA
is generated from lysophosphatidylcholine (LPC) by autotaxin enzymes
[24,25]. PC(16:0/18:1) and PC(18:0/18:1) are considered to be con-
sumed to produce LPC. Indeed, the levels of 16:0-, 18:0-, and 18:1-LPC
in the spinal cord and dorsal root increase after sciatic nerve injury
[18]. Moreover, the levels of 16:0-, 18:0-, and 18:1-LPA in the spinal
dorsal horn also increase after sciatic nerve injury [15]. In our unbiased
screening of lipids in the DRG, PA(36:2) levels decreased largely after
SNT. We also consider this reduction to be associated with the

production of LPA because LPA is generated from PA by phospholipase
A2 (PLA2) enzymes [2]. Therefore, we speculate that PA(36:2) have
been consumed to produce LPA.

In conclusion, we observed increased AA-PC and decline in the
precursors of LPA in the DRG 5 days after sciatic nerve injury. These
lipid changes after nerve injury were considered to be correlated with
neuropathic pain. LPA antagonist [13] and PLA2 inhibitor [16] is
known to attenuate neuropathic pain in vivo. However, LPA has not yet
been considered as a target for the treatment of neuropathic pain in
clinical cases. This report suggested a potential role of LPA in the
generation of pain within the DRG and could be a novel targeted for the
treatment of neuropathic pain.

Fig. 5. Immunostaining of F4/80 and P2RX4 between control and SNT mice. The staining showed marked increase of the F4/80 immuno-positive cells with nerve
injury (A). There were no obvious P2RX4 immuno-positive cells change between Control and SNT mice (B). The P2RX4 immuno-positive cells did not co-localize with
F4/80 staining cells (C).
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