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pain (NP) is a major clinical syndrome caused by disease or dysfunction of the nervous system
and often mediated by neuronal networks in the spinal cord. The estimated prevalence of NP
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to this cost. So far, the underlying mechanisms of NP are not well understood. Proteomics
techniques are commonly used in biology system studies, due to its high throughput, capability
of unbiased analysis and sensitivity. It builds up a bridge to link genes, peptides, proteins, and
the disease. Two proteomic/peptidomic approaches were developed, evaluated and discussed
in this thesis. Both of them were further applied in the studies of neuropathic pain. First
approach is a quantitative proteomic approach using liquid chromatography combined with
Fourier transform mass spectrometry (LC-FTMS), which is developed for quantitative analysis
of proteins originated from small central nervous system (CNS) samples. This approach was
successfully applied in the study of the rat spinal cord tissue proteome in a neuropathic pain
model. Another approach is using matrix assisted laser desorption ionization mass spectrometry
(MALDI-MS) for the visualization of the distribution of neuropeptides in rat spinal cord, which
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Principal Component
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Sodium Dodecyl Sulfate
Spinal Nerve Ligation
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1 Proteomics

The word “proteome” was coined by Marc Williams in early 1990s as the
protein equivalent of a genome, and it was rapidly accepted because of its
convenience and analogy to the expression ‘genome’. Proteomics is the
large-scale study of the entire set of proteins in biological sample, the proteome, similarly to genomics which aims to characterize the entire set of
genes. Proteome is a highly dynamic system which is characteristically altered by changes in various conditions.1 Genomics and proteomics are intimately connected. But proteomics seems to be more challenging than genomics since (i) unlike with RNA or DNA, no amplification (polymerase
chain reaction) possibilities are available for proteins, and (ii) the physical,
chemical, and biochemical properties of proteins are extremely varied due to
the many posttranslational modifications as well as alternatively splicing of
RNA.2
Proteomics finds its application in cells, body fluids,3 tissues, or organs4 and
provides information about molecular structures, posttranslational modifications, protein-protein interactions, and protein quantities.5 The quantification
of differences between two or more physiological states of a biological system is among the most important but also most challenging technical tasks in
proteomics.6 In case if the comparison of protein or peptide expression profiles characterizing normal and disease processes reveals the significant differences, they can shed a light on the disease-related biological mechanisms.
During the last decade, the number of applications of proteomics has rapidly
increased in clinical research, especially cardiovascular diseases, neurologic
disorders, infectious diseases, and above all, cancer.7 More than 3000 genes
have been predicted as “drugable”, but only a few hundreds of them are indeed targets for pharmacologic therapy.8,9 Due to the large number of potential targets, examining each one of them with a specific drug becomes a laborious and costly task. Therefore, proteomic analysis helps to discover and
validate new disease-related proteins that may serve as diagnostic and prognostic biomarkers of a disease.
Methods of proteomics can be used for studying known intact proteins and
also for ‘blind’ analysis of all proteins in the sample simultaneously, socalled shotgun proteomics. In shotgun proteomics proteins in a sample are
digested and the resulting peptides are separated by liquid chromatography
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(LC) and detected by tandem mass spectrometry (MS/MS). LC-MS/MS data
contain the information about peptide fragmentation patterns, which are
submitted to a database search. A search engine creates a set of peptides
originated from all in-silico digested proteins existing in the database and
predicts the fragmentation patterns of these peptides. By matching each experimental fragmentation pattern to a set of theoretically predicted ones, the
peptides, and onwards, proteins in the sample can be identified. Mass spectrometers with high sensitivity, resolution, and high-throughput capabilities
are an essential tool in shotgun proteomics in order to gain supreme confidence in protein identification.
MS can also be used to identify proteins or peptides directly on tissue sections and generate spatial information of protein or peptide distribution, and
this refers to imaging mass spectrometry (IMS). It requires minimal sample
preparation and sample consumption, at the same time, it detects a large
range of molecules on tissue section without the requirement of prior
knowledge of targeted compounds or sample,10 and provides high throughput
and cellular specificity.11
In this thesis, two proteomic methods were considered. One is labeling based
relative protein quantification method, in which a labeling step is performed
after protein digestion using isotopomeric dimethyl labels. With this method,
we were able to perform relative quantification of protein content by comparing samples with controls. Another method is the IMS technique for visualization of the distribution of neuropeptides in tissue slices. The workflows
of these two methods are shown in Figure 1.

Figure 1. Overview of proteomic approaches discussed in this thesis.
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2 Proteomics and Neuropathic Pain

The main analytical focus of this thesis is to monitor global changes of protein expression and neuropeptide distribution in the spinal cord under neuropathic pain (NP). According to the International Association for the Study of
Pain (IASP), NP is defined as a pain caused by a primary lesion or dysfunction of the nervous system.12 It could be caused by innumerable diseases,
like diabetes, herpes zoster infections, trauma, cancer, and neurotoxins.13
Although a large number of genes and proteins have been identified being
involved in neuropathy,14 the current treatments are still unsatisfactory, and
the underlying molecular mechanisms are not well understood.15
Many animal models have been established to mimic the diverse etiology for
NP. Depending on the clinic questions, animal models can be classified into
different types such as peripheral nerve injury models, central pain models,
drug-induced neuropathy models, and disease-induced neuropathy models.16
Most of the animal models were developed in rats and mice, only a few studies chose bigger animals.16
Peripheral nerve injury models are commonly employed in NP studies.17 In
these models the pain-related behavior with a defined time course can be
reproducibly generated by peripheral nerve injury. In animal models abnormal signaling from the peripheral nerves through the spinal cord to the brain
is observed after the surgery. The signals are processed in the brain and new
signals are sent back from the brain via the spinal cord to promote the
movement of limbs. This is an example of a pain response that can be observed in animal models, when pain has developed. Introducing the injury to
different sites of the peripheral nerve results in several abnormal pain responses in the animal (see Figure 2), which can mimic different clinical situations. In this study, the spinal nerve ligation (SNL) model was used. SNL
was first reported by Kim and Chung in 1992.18 In this model, both L5 (5th
lumbar vertebra) and L6 (6th lumbar vertebra) nerves of the rat are tightly
ligated from either left or right side. SNL leads to a quick development of
hyperalgesia (abnormally increased pain sensation) and allodynia (exaggerated pain sensation to a stimulus, which normally would not cause pain)
within 24h-48h and pain lasts approximately for 4 months. The SNL model
mimics the clinical condition of a patient suffering from causalgia (pain related to partial peripheral nerve injuries), developed from an injury to the
13

nerve plexus or the dorsal root.19 SNL has also been described as a model of
sympathectomy (a surgical procedure that destroys the sympathetic nervous
system in order to increase blood flow) mediated pain.

Figure 2. Common models of neuropathic pain evoked by peripheral nerve injury at
different locations.16 SNL: spinal nerve ligation; CCI: chronic constriction injury;
PSL: partial sciatic nerve ligation; SNI: spared nerve injury

The spinal cord transmits neuronal signals between the peripheral nervous
system and the brain, and is an essential biological material for studying e.g.
neural transmission, pain, or drug tolerance.20 Proteomic analysis of spinal
cord during development or maintenance of pain could assist in finding the
pain-associated proteins possessing a high potential to be new drug or diagnostic targets as well as prognostic markers for NP treatment. On the other hand,
neuropeptides are known to have innumerable functions and to influence physiological processes.21 In particular, NP is often mediated by neuronal networks
in the spinal cord.12 Revealing the neuropeptide distribution under pain conditions may help to better understand its underlying mechanism. Although proteomic and peptidomic methods have been frequently applied in brain research, relatively few studies have been focused on the spinal cord.22 One of
the biggest challenges of such studies are the complex cellular and sub-cellular
structure23 and limited access to spinal cord material.
Therefore, we first developed a quantitative proteomic approach in Paper I,
and applied it on a study of the global changes of protein expression in
ipsilesional dorsal region of spinal cord caused by SNL in Paper II. In Pa14

per III, the same method has been applied in the investigation of the protein
changes between ipsi- and contralesional sides of the spinal cord within the
SNL and control groups. An imaging mass spectrometric method with matrix assisted laser desorption ionization mass spectrometry (MALDI-MS)
was evaluated in Paper IV for the study of neuropeptide distribution in naive spinal cord. It sets the stage for a future NP associated neuropeptide imaging applications.
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3 Sample Preparation Methods

The sample preparation techniques play the pivotal role in expression proteomics, due to the large dynamic range of proteome, at least six orders of
magnitude in cells. An efficient and stable sample preparation is critical for
examining the altered protein expression and neuropeptide distribution after
nerve injury. Proteins isolated from biological samples contain contaminants
such as keratin, albumin, serum proteins, nucleic acids, lipids, carbohydrates
and polysaccharides, which present naturally. In addition, various inorganic
salts, buffers, reducing agents, surfactants, detergents and preservatives may
be added to a sample to retain enzymatic or biological activity. The presence
of these extraneous materials can cause problems such as smearing, masking, and poor reproducibility in MS analysis. Therefore, optimization of
sample preparation steps, especially protein extraction and digestion, were
performed and will be discussed in this chapter. In one of considered approaches, shotgun proteomics, samples are usually separated in a LC system
before MS analysis, which increases the sensitivity of MS detection. In order
to reach the optimal separation efficiency, this step also needs to be adjusted
based on the sample properties. So, the LC separation is included and discussed in this chapter as well.
On the other hand, MALDI imaging of neuropeptides requires minimal sample preparation and sample consumption, because it can be applied directly
on tissue section. However, tissue has to be carefully dissected. Micro tears
could appear during sample defreeze and cutting in cryostate microtome,
which will highly affect the imaging result. Neuropeptides have lower abundance than other substances in spinal cord, like salts, lipids or fatty acids,
which could suppress the signal of neuropeptide under MS detection. In
order to improve imaging results for neuropeptides, steps like washing and
matrix application are still have to be performed and optimized. Since spinal
cord cross section is relatively small, resolution is very critical for the imaging result. The biggest challenge in MALDI sample preparation is to obtain
high sensitivity and intensity of MS signal for neuropeptide without losing
image resolution. Sample preparation for MALDI imaging will be discussed
in chapter 3.2.
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3.1 Sample Preparation for LC-MS Quantification
3.1.1 Protein Extraction
No universal sample preparation procedure exists for isolation of all proteins
from a mixture because proteins are present in multiple forms, and are found
within different cell locations (for example, membrane or cytoplasm), and
have varying solubilities. Spinal cord tissue is the only sample material considered in this thesis, it contains millions of nerve fibers, which transmit
information between the brain and the rest of the body. Proteins in spinal
cord are complex, mainly hydrophobic, and also low in abundance, which
drives a need to develop efficient protocols to extract most of the existing
proteins.
Several strategies have been developed for the analysis of proteins. First of
all, the tissues and/or cells, containing the proteins, must be disrupted. Most
commonly tissue choppers, blenders, grinding kits, ultrasonication, and other
approaches are used for this purpose.24 Then proteins must be transferred
into solution, which can be achieved by protein solubilization. Solubilization
is a process that transforms a non-soluble form of protein into a homogenous
solution. One straightforward approach to solubilize proteins is to use
chaotropes such as urea, thiourea and guanidinium chloride, which are
strong denaturing agents that stabilize unfolded protein states.25 Detergents
are also commonly employed in protein extraction, sometimes together with
chaotropes. Sodium dodecyl sulfate (SDS) and Triton X-100 are typical examples for ionic and non-ionic detergent, which are commonly used. SDS is
extremely efficient at protein solubilization and denaturation.26 It is commonly used in gel-based separation (section 3.1.2). Triton X-100 is relatively
mild detergent, which could disrupt lipid-lipid and lipid-protein interaction.
But both of them tend to be problematic for MS applications because of ion
suppression effect in ESI27 and MALDI.28 On the other hand, octyl-β-Dglucopyranoside (OBG), an non-ionic detergent, is fairly compatible with
µLC analysis,25 MALDI,29 and ESI at low concentration (0.01%-0.1%).27 A
general drawback with added detergents is a significant reduction of the
proteolytic activity of enzymes used for protein digestion. That will directly
affect the performance of “shotgun”-MS-based method chosen by us for the
analysis of the digested proteins. Thus, removal of detergents has to be performed before digestion. Such sample clean-up can be achieved by, i.e., the
use of strong cation exchange columns,30 gel electrophoresis,31 size exclusion columns,32 centrifugal filter devices,33 or protein precipitation.34
Only a few protein extraction methods were suggested specifically for spinal
cord, but none of them is suitable for our requirements. For instance, GilDoneset, et al22 proposed a two-step process to extract hydrophilic and hy17

drophobic proteins separately, applied to 0.3 g of homogenized whole rat
spinal cord sample. Our study focuses on certain region of spinal cord,
which limits the sample amount within 2-3 mg.
Therefore, we developed a very straightforward protein extraction method
with minimum experimental steps and solutions by using a power of centrifugal filter devices to serve as a single-unit reactor for sample preparation.
Briefly, around 2 mg of homogenized spinal cord sample was lysed using a
mixture of chaotropic reagent (8M urea) and 1% of a detergent, OBG. This
combination was found to be efficient enough for dissolving the majority of
proteins in spinal cord if performed with ultrasonication assistance at 0°C in
order to reduce protein degradation. This method gained a protein extraction
yield of 3% (w/w) in average and has high capability for processing a large
number of samples at the same time. Centrifuged protein extracts were further used for digestion.

3.1.2 Protein Digestion
In shotgun proteomics, the intact proteins are converted into a set of peptides
that are subsequently analyzed by LC-MS. The rationale for digestion is that
the sensitivity and resolution of the mass spectrometer is much higher for
peptides than for proteins. Trypsin is a specific protease that is commonly
used for protein digestion. It cleaves proteins specifically at the lysine or
arginine residues on the carboxy-terminal side and produces a well-defined
digest mixture.35 According to the cleavage specificity, generated peptides
can be revealed by database search algorithms.
Reduction and alkylation of the proteins are needed before digestion to break
the disulfide bonds and unfold the proteins prior to digestion. Proper clean
up is often needed as well before adding trypsin. Essentially, sample solution
needs to be diluted or even the dissolution buffer has to be exchanged. Trypsin activity is affected if there is excess of salts, detergents and chemicals
from previous steps or under improper pH. The tryptic digestion takes place
either in solution at 37 °C, usually overnight, or in a SDS gel page, so-called
in-gel digestion.
In our method, we applied a filtration step before digestion. The protein extracts were transferred onto 3 kDa cut-off membrane ultrafiltration units. The
proteins can be cleaned up by spinning the small molecules such as urea,
OBG, and the leftovers of reducing/alkylating agents from the previous steps
through the filter. Cutoff filter permits easy buffer exchange required for
digestion and downstream labeling. Then, trypsin in alkaline solution was
added into the filtration unit where the proteins were remained and incubated
at 37 °C. We tested two digestion times: 90 min with enzyme to protein ratio
of 1:20 and 18 hours with enzyme to protein ratio of 1:50. The results
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showed that shorter digestion had less variation of the quantitative results
compared to the conventional 18 hours approach and therefore was chosen in
our method.

3.1.3 Dimethyl Labeling
Stable isotope dimethyl labeling was first reported by Hsu in 200336 and
already applied in many studies, but so far not in protein quantification in rat
spinal cord. The labeling step was performed following the well established
protocol from Paul J Boersema’s group37 with no further optimization needed. The principle of dimethyl labeling and quantification mechanism will be
discussed in chapter 5.

3.1.4 LC Separation
The MS analysis of complex peptide mixtures requires an efficient separation methodology. Liquid chromatography (LC) is commonly used in shotgun proteomics due to its great compatibility to ESI-MS, which allows its
direct coupling on-line to MS. Therefore LC method was destined to become
a separation method of choice for shotgun proteomics, and it was also used
in this work. Reversed phase LC employs an aqueous, moderately polar mobile phase, which carries the sample through a non-polar stationary phase.
Different analytes have different affinities to the stationary phase, and will
be eluted out separately. One common stationary phase is silica particles that
have been treated with RMe2SiCl, where R is a straight chain alkyl group
such as C18H37. With this stationary phase, molecules, which are less polar,
will be harder to elute and thus are characterized by longer retention times.
On the other hand, polar molecules elute more readily. In a reversed-phase
separation, gradient elution is typically performed for analyzing a complex
sample and designed according to the sample property. Analytes adsorb to
the hydrophobic stationary phase, and they desorb from it within a very narrow range of organic modifier concentration. Gradient elution usually starts
with a low proportion of the organic modifier. By successfully increasing the
proportion, analytes with different affinity for the stationary phase will be
eluted sequentially. In addition to an organic modifier, the mobile phase also
contains an ion-pairing reagent that sets the pH and interacts with the biomolecules to enhance the separation. The biomolecules are also get ionized
in the mobile phase, which is ideal for ESI ionization (chapter 4.1).
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3.2 Sample Preparation for MS Imaging
3.2.1 Tissue Preparation
In this study, sample preparation was mainly followed the standard protocol
published by Andersson et al.38, 39 Cryo tissue section with proper matrix
coverage on top is needed for MS imaging. First, snap frozen rat spinal cord
was cut using a cryostate microtome with a thickness of 12 μm. Using thinner sections would require less matrix, and would therefore increase spatial
resolution.11 The sections were thaw mounted on conductive glass slide.
Before applying matrix, the tissue sections need to be slowly defrosted and
dried under vacuum for about 1 hour in order to immobilize peptides in their
regional locations. The defrosted sections were washed briefly once with 70
% ethanol and followed with 95% ethanol twice (10 seconds each time).
Molecules, like salts, lipids and fatty acids can easily be ionized under
MALDI and suppress the signal from neuropeptides. In the washing step, the
majority of the interfering molecules can be removed. Then, the sections
were dried face up in a vacuum desiccator.

3.2.2 Matrix Application
In this study, discrete droplets of matrix solution were applied in a quadratic
pattern. The point-to-point distance defines the lateral resolution of imaging
analysis in MS. Thus the choice of matrix and its amount for the highest
efficiency has to be tested for the spinal cord samples in order to maximize
the signal for MS detection. An automatic drop deposition by chemical
printer40 has been chosen for applying the matrix.38, 39, 41 Alternative matrix
application protocols, like nebulization42 and dry deposition43 techniques are
also widely used in the studies of proteins and phospholipids respectively.
With the matrix printer, matrix is dissolved in acidic organic solvent and
printed on to a thin tissue section in a selected spot distance, which is also
the resolution of the resulting image. The benefit of using the matrix printer
is that peptides are extracted simultaneously into the matrix spot during
printing application. Resolution is typically limited by the drop volume of
matrix solution in each spot on the tissue. Small volume of the drop will
result in small size of the spot and, consequently, the reduced distance between the spots, therefore gaining a higher resolution of the tissue image. In
order to apply efficient amount of matrix, the matrix printing need to be performed in many coatings. Each coating has to be placed in exactly the same
spot, otherwise the peptides extracted in the matrix solution will spread out
to other location thus lowering the precision in imaging analysis. On the
other hand, many coating repetitions may result in droplet instability thus
causing the smearing of matrix spots.
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Depending on the kind of tissues and the analytes of interest, a number of
settings for matrix application have to be optimized. First is the choice of
matrix. 2,5-dihybroxybenzoic acid, sinapinic acid and α-cyano-4hydroxycinnamic acid are the common matrices used in MALDI MS applications. 2,5-dihybroxybenzoic acid (DHB) is reported as the best matrix for
neuropeptides providing more intense signals and less fragmentation.44 In
this thesis, a 200 μm resolution was gained and 0.24 µg of DHB as total
matrix amount per spot in 50 % methanol, 10% of 150 mM of ammonium
acetate and 0.3% trifluoroacetic acid (TFA) was found to be the optimal
matrix for neuropeptides analysis in rat spinal cord. The parameters of matrix such as matrix concentration, organic modifiers, and the total matrix
concentration per sample spot were optimized and discussed in chapter 6.1.2.
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4 Mass Spectrometry

The selection of mass spectrometer depends on the objective of each application. In this thesis, a Thermo LTQ-FT Ultra mass spectrometer equipped
with electrospray ionization (ESI) ion source and Fourier transform mass
analyzer (FTMS) has been used in quantitative proteomic analysis. The matrix assisted laser desorption ionization (MALDI) instrument with time of
flight mass analyzer (TOF) from Bruker was used in MS imaging. The principles of these two instruments will be presented in more detailed view in the
following sections.

4.1 LTQ-FT Mass Spectrometry
A fundamental challenge to the application of MS to any class of analytes is
the production of gas-phase ions. ESI is a soft ionization technique, which
can ionize proteins or peptides without destroying them.45 The ESI process
can be divided into three stages: (i) charged droplet formation at the capillary tip, (ii) repeated droplet shrinkage until gaseous ion formation occurs,
(iii) transport of ions from the ion source at atmospheric pressure into the
vacuum operated mass spectrometer (Figure 3). ESI has good compatibility
with the reversed-phase liquid chromatography solvent system where the
water/solvent mixtures have excellent spray properties. In the ESI process,
the acidic conditions are used to produce the positively charged droplets. In
peptides, the primary protonation sites are the N-terminal amine moiety and
basic side groups of lysine, arginine, and histidine residues. As a result, multiply protonated peptide ions are often observed if a lysine, arginine, or
histidine residue is present in a sequence since one protonation takes places
at the N-terminus and additional protons associate with each basic residue.
In tryptic digests of protein, doubly charged peptides tend to predominate
due to the proteolytic specificity of trypsin.
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Figure 3. A schematic representation of the electrospray process. By applying a high
electric field between the capillary and a counter electrode, an aerosol of charged
droplets is formed. When the solvent molecules evaporate, analyte ions could fly
into the mass analyzer along the decreasing potential gradient applied in MS.

The core mass analyzer in Thermo LTQ-FT Ultra MS is Fourier transform
mass analyzer. It is of great potential in protein identification and quantification, due to its extraordinary high mass resolution (FWHM: > 100000),
sensitivity (sub attomole range), and mass accuracy (< 1ppm). FTMS was
first described by Comisarov and Marshall in 1974.46 In FT mass analyzer,
there is an ion cyclotron resonance (ICR) cell placed in high magnetic field
B, where the ions with different velocities (v), masses (m) and charges (z) are
curved in the magnetic field with a radius (r) and balanced with two forces:
Centripetal force:

I

Centrifugal force:

II

Here, q equals the electronic charge e times the number of charges z. In order to make the ion a stabilized on a trajectory, the two forces need to be
equal, so:
qvB =

or

III

According to the equation III, if the filed B is intense, the radius of the trajectory of ion becomes small. Thus, the ions can be trapped on a circular
trajectory in the magnetic field.
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When the ion completes a circle in ICR with a trajectory of 2πr, we could
get the cyclotron frequency as:
VI
By combining equation III and VI, we will get:
V
In the ICR cell, many ions are trapped and the same time. Ions of each m/z
have their own cyclotron frequency. The ions are simultaneously excited by
the excitation electrodes, and spiral subsequently towards detection electrodes. A large frequency range is rapidly scanned within a time span of 1
s. A complex wave is detected as a time-dependent function. Through
Fourier transform, it can be transformed into a frequency-dependent intensity function47 and the m/z of ions can be determined. The advanced features
of LTQ-FT Ultra MS system with respect to sensitivity, resolution and mass
accuracy were reflected in Papers I, II and III.

4.2 MALDI-TOF Mass spectrometry
MALDI- TOF MS was first introduced by Karas and Hillenkamp in 1988,
and soon became widely used in proteomics.48 It is characterized by easy
sample preparation and has high tolerance to sample impurities, like salts,
some detergents and so on.49 MALDI is also a soft ionization technique.
Unlike ESI, it is performed in a solid-state ion source and cannot be directly
linked to the LC separation. Basically, MALDI process can be divided into
two steps: first, analytes are extracted into the matrix solution, then the matrix and analytes are dried and co-crystallized on a conductive surface. The
second step is ionization, which occurs inside an ion source of MALDI. Although the exact mechanism of desorption and ionization in MALDI process
is still not fully understood,50 a general explanation suggests the following
(see Figure 4). The crystals are irradiated by an intense UV laser, which
induces a rapid heating. A high energy from a laser could desorb and ionize
the matrix molecules. Then, a plasma cloud is formed where the matrix molecules transfer the charge to the analytes.
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Figure 4. Illustration of MALDI ionization process. Analyte and matrix molecules
are mixed and co-crystallized on tissue section. Laser irradiation with certain wavelength ionizes the matrix molecules and expands analytes and matrix to gas phase.
The charge is transferred to analytes from matrix in the gas phase.

The laser irradiation ray can be positioned precisely on the sample/matrix
mixture, which allows MS analysis on a selected position. In MS imaging
(Figure 5), frozen tissue section is thaw mounted on a conductive glass slide
with matrix applied on top. MS analysis is performed in a quadratic pattern
with distinct spatial resolution. Full MS result is acquired in each analyzed
spot. By extracting the MS spectra of intact analyte, e.g., a peptide ion, the
spectrum peak intensity will be converted into color intensity calculated for
each position of the tissue section, thus a distribution image for the particular
peptide ion is created.
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Figure 5. Illustration of MALDI imaging process. Figure modified, with permission
from Macmillan Publishers Ltd: Nature Reviews Genetics Ref.51 ©(2005).

In MALDI MS, the m/z of ions is commonly measured in TOF analyzer. The
operating principle of TOF analyzers is simple and elegant. Ions generated in
MALDI ion source are accelerated by a known voltage (U) and then fly into
a field-free region. The acceleration result is that ions with same charge (q)
will have the same kinetic energy (Wk).
(VI)
From equation VI, we could get that the velocity (v) of the ion depends on
the mass to charge ratio.
(VII)
If the flight distance in the electric field is (D), then the time that it subsequently takes for the ion to reach the detector can be measured:
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2U or

2

(VIII)

With q as product of electron charge e times the number of charges z, one
can find that tD depends on the m/z of the ion. By measuring tD and using the
known experimental parameters, the m/z of the ion can be found. According
to the equations VI-VIII, the ion velocities v are inversely proportional to the
square root of their m/z. Ions with different v, will have different drift time tD
and the masses m of ions can be calculated by tD value. In MALDI-TOF MS
tD is measured in a microchannel plate electron multiplier detector, where an
amplified signal is generated as soon as the ion hits the plate. Microchannel
plate has honeycomb structure; the ions with spatial distance can be detected
in different channels at the same time, which provides additional resolution.
In principal, ions with the same m/z will have the same kinetic energy as
they enter the field-free flight tube. But, it is not the case in reality. Ions with
the same m/z usually acquire slightly different initial kinetic energies and
therefore reach the detector at slightly different times, resulting in peak
broadening. This phenomenon can be significantly improved by adding a
reflectron at the end of field-free region (Figure 6).

Figure 6. The reflectron compensates for the initial kinetic energy distribution of
ions with identical m/z ratio. The faster ions will penetrate deeper into this electrostatic mirror and finally reach the detector plate at the same time as the initially
slower ions.

The reflectron was introduced in 1973 by Mamyrin, et al.52 It can turn
around the ions and send them down a second flight distance to the detector.
Ions with higher velocities will have a longer pathway by penetrating more
deeply into the field to compensate for the initial energy differences. Thus, it
can increase accuracy and resolution of MS results for imaging analysis.

27

5 Data Analysis and Bioinformatics

5.1 Identification
The peptide ions from ion source are first subjected to a precursor ion scan,
where the m/z of each entire peptide ion is measured, consequently, a peak
for each corresponding peptide is generated and constitutes a mass spectrum.
The peak area is proportional to the amount of peptide in the sample, which
is used for relative quantification. The mass is necessary, but not enough to
identify different peptides, further fragmentation of the initial peptide ions is
needed. After the first MS scan, mass spectrometer dynamically selects one
or more peaks to fragment, and scans the m/z of the fragment ions. This progress is called MS/MS, fragments are most often formed under collisioninduced dissociation (CID), when selected precursor ion is collided with
inert gas molecule in a special chamber. During the fragmentation, a precursor ion is excited and amide bonds are broken along the peptide backbone
generating many kinds of fragments.53 There is a special nomenclature to
indicate what type of ions that can be created. When CID is used, if the positive charge remains on the N-terminus of the product ion, it is named b ion.
On the other hand, if the charge retains on the C-terminus side of the broken
amide bond, it is referred to as a y ion, see Figure 7.
The spectra of peptide fragments are interpreted to represent their amino acid
sequence by identifying the b- and y- ions series and calculating the residue
masses of amino acids from adjacent members of those ion series. All the
generated spectra including both MS and MS/MS spectra are submitted together to a database search. A search engine uses a database to predict fragmentation information for each peptide originated from virtually digested
proteins. Proteins in the sample can be identified by matching each submitted MS/MS spectrum to a set of theoretically predicted ones. A higher number of matched spectra give a higher probability of correct protein identification.
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Figure 7. Peptides fragmentation scheme* and nomenclature for sequence ions in
mass spectra of peptides. Product ions will either have the charge retained on the Nterminal side of the cleavage (b-ions) or on the C-terminal side of the cleavage (yions). *The simplest, yet possible structure of b-ion is presented on the scheme.
However, the mostly accepted b-ion structure contains an oxazolone cycle, while
evidences of diketopiperazine or macrocyclic structures were also reported.54

In MALDI-IMS approach, only known neuropeptides were taken into account therefore peptide identification was based on the molecular mass and
expression location from the previous knowledge.55, 56 During MS acquisition, the TOF detector does not have the collision cell to perform MS/MS.
Usually, neuropeptides identification could be performed separately in
MALDI-IMS approach. A parallel experiment using neuropeptide extraction
from the same target tissues can be performed and the extracted neuropeptides may be analyzed by LC-ESI-MS for instance. MALDI can be also coupled with other MS analyzer like FTICR, in this case, the imaging result will
include the fragment or sequence information.
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5.2 Quantification
Not only identification, but also quantification of proteins can be done using
proteomics approaches. The peptide quantification in Paper IV is very
straightforward. Peak area of identified peptides was calculated in each MS
scan spectrum using R. An average peak area of the intact peptide from a
defined region in spinal cord was generated and used as absolute quantification to present the expression level of that particular peptide in the region of
interest (ROI). The selection of ROI will be discussed in chapter 5.3.
In LC-MS method, comparative proteomics was used, when only ratios between protein abundances found in different samples are calculated, i.e. the
absolute amount of protein remains unknown. The classic approaches in
comparative proteomics involve introduction of different labels (iCAT,
SILAC, dimethyl) into different samples, and principle of quantification is
similar for all methods and discussed below on the example of dimethyl
labeling chosen by us. A dimethyl labeling step has to be introduced after
digestion. Three isotopomeric dimethyl labels have been used: regular formaldehyde-(CH2O); deuterated formaldehyde-(CD2O); and13C-labeled
deuterated formaldehyde (13CD2O), which work as light, medium, and heavy
labels, respectively. Formaldehydes react with peptide primary amino groups
forming a Schiff base. Latter can be rapidly reduced by the addition of sodium cyanoborohydride to the mixture.37 All primary amines in a peptide, except N-terminal proline,57 are dimethylated with different labels. The labeling reaction is demonstrated in Figure 8.
Peptides with three labels are detected in first MS scan. The mass difference
is used to track peptides from each of compared samples. Peak intensity of
labeled peptide ions is measured in MS scan, which is used for quantification, because the peak intensity of peptide ion is relatively proportional to its
amount (Figure 8). By comparing the peak intensity of one labeled peptide to
another, we can relatively quantify the peptide using the ratio between the
peak intensities. In MS/MS, the sequence information of peptide ion is detected for identifying its sequence and a corresponding protein, as described
earlier. Protein identification and quantification is obtained by combining the
matched peptide sequence and its quantified result. Multiple peptides can be
detected for the same protein, thus giving multiple quantification measurements per protein and increasing the confidence of both protein quantification and identification.58
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Figure 8. Protein quantification principle with dimethyl labeling. R stands for peptide.

Once the identification and quantification results are collected, they need to
be statistically evaluated. In Paper I, we evaluated the errors generated from
different steps through our method, including sample preparation, labeling,
MS data acquisition, and biological effect. The calculations were demonstrated in the paper step by step.
Nowadays, isobaric tags for relative and absolute quantification (iTRAQ)59
is one of the most popular techniques for quantitative proteomic analysis
used in many research groups.60,61 However, the expense of the commercial
label reagents could dramatically increase the experiment cost for large-scale
quantification analysis.62 At the same time, being significantly cheaper, dimethyl labeling shows similar accuracy, reproducibility, and universality if
not more than three samples are compared.63 Since we dealt with only comparison of sample/control, all the above mentioned turned the balance toward
using dimethyl labeling for our purposes.

31

5.3 MALDI Imaging Data Pre-processing
In MALDI imaging study, data pre-processing including baseline removal
and normalization are extremely important steps, which can improve the data
accuracy. Baseline removal subtracts the background noise in order to increase sensitivity of peak signals.11 Baseline removal was performed in
FlexAnalysis software with the in-built function. Neuropeptides are mainly
expressed in the gray matter in spinal cord,56 for further method evaluation
and peptides quantification, sub-regions are assigned as regions of interest
(ROI) for each spinal cord section. The ROIs are selected based on the
chemical stain after MALDI analysis with toluidine blue together with matrix coated image and ion-distribution images of known compounds (Figure
9).

Figure 9. Illustration of ROIs selection in rat spinal cord from Paper IV. A, Matrix
coated spinal cord image. The center-to-center distance of every two spots is 200
µm. B, Stained imaging. Tissue was slightly damaged during the washing step after
chemical staining at the pointed area. C, MS signal distribution of Substance P in
green and Phosphatidylcholine (diacyl-18:0/18:1) in orange. The areas marked with
solid line are illustrating four regions of gray matter in spinal cord; and the areas
circled by dash line are the actual selected ROIs.

Mass spectra in ROIs were extracted and batch processed by means of baseline subtraction and normalized by total ion current (TIC). Ideally, the sum
intensity in each spectrum should be equal, which means that the underlying
tissue contains equal amounts of peptides. Thus different peptides can be
relatively quantified and compared using their integrated peak area. However, there are still inevitable variations during sample preparation, matrix application, and MS acquisition, even though the experiment has been careful32

ly carried out. These errors result in varied TIC from spectra to spectra. Thus
data normalization should be applied to reduce the observed variation. TIC
normalization is the most robust algorithm11, 64, 65 and a commonly used
strategy. Every intensity measurement for each mass spectrum has been
summed up to get the TIC. Then each intensity measurement was divided by
its respective TIC and multiplied with a scaling factor of 107. The scaling
factor equals to the average order of magnitude of all TICs in the experiment. By TIC normalization, all spectra will have the same TIC. The TICs
should be compared before normalization in all collected spectra. TIC normalization can be applied when the TICs display the characteristic normal
distribution within samples, thus minimizing the risk of introducing artificial
errors.

5.4 Data Evaluation and Protein Pathway Analysis
Principal component analysis (PCA) is performed in Paper II in order to
visualize the differences between Sham group and SNL group. PCA is
commonly used for evaluating proteomics data, even in biomarkers prediction.66,67 There are a series of mathematic calculations behind PCA, in short,
PCA converts a large set of observed variables to a small set of new variables called factors or principal components (PCs), which are the linear combinations of the original variables.68 In Paper II, protein expression in dorsal
spinal cord between control group and SNL group were compared. There
were 10 rats in each group. A set of proteins with quantified value was detected in each rat. Then, the quantified protein results in both groups were
submitted into PCA as variables and re-calculated to PCs. In the PCA plot,
each rat was presented as one spot and their locations were on the basis of
their variability, which means that the rats with similar proteomes will be
localized closer. Thus, one could be able to tell if the one group is different
from another according to the separation in PCA plot.
Student’s t-test was also preformed in Paper II and Paper IV in order to
determine which proteins were significantly differentially expressed between
Sham and SNL group and find the neuropathic pain associated proteins. For
example, in Paper II, only proteins, which can be quantified in at least 9 rats
in both groups, were selected. In the t-test, a mean value of the quantified
results was compared between the groups. Then a variation between rat replicates belonging to the same group as well as a p-values were calculated for
each protein. If the p-value is less than 0.05, this indicates that the difference
of protein expression is significant between two groups with a 95% confidence. In statistics, if a set of data follows normal distribution, some data
points are naturally considered significantly different than the majority of
data. 38 out of 153 proteins were found, which have p-values < 0.05. How
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many of them are “true” significantly different due to the pain, and not under
the end of the normal distribution tail? In order to solve this question, we
used Bonferroni correction, which is almost the strictest way to address this
issue. The correction is based on the idea that if the tested data set with a
number of n, then each individual hypothesis need to be tested at a statistical
significance level of 1/n. So, if the significance level for all the 153 proteins
is p < 0.05, then the Bonferroni correction would be to test each of the individual proteins at a significance level of 0.05/153, which means only the
proteins with p < 0.00033 in our data set are most likely significantly different in two groups. After applying Bonferroni correction, only 3 out of 153
proteins “survived”.
To better understand the interactions between the differentially expressed
proteins in response to spinal nerve ligation, networks of inter-relationships
of these proteins were constructed using IPA software. IPA is a commercial
searching engine with a database that covers the most current knowledge
available on genes, proteins, chemicals, normal cellular and disease processes, signaling and metabolic pathways69. And that could provide a comprehensive analysis of proteomics data for a deep understanding of proteins and
related biological processes. Proteins with their average quantified results
were mapped in IPA, up- or down- regulated proteins were presented in color, while color intensity was proportional to the quantitative value. A few
networks were generated from IPA. By comparing the protein expressions in
control and SNL group, we can easily observe the proteins with most response to SNL. In those networks, more information is provided, like the
interactions among our submitted proteins, and also proteins, which did not
found by our method but with strong correlation or interaction with our
mapped proteins. That could compensate the shortage of our method and
also expands our knowledge for our study.
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6 Results and Discussion

6.1 Method Development and Evaluation
6.1.1 Method Evaluation for LC-MS Quantification Approach
The method development plays a key role in the whole workflow of this
thesis. Once established and verified in Paper I, the protein quantification
method has been successfully applied in NP related studies described in Papers II and III.
In this approach, protein extraction and digestion steps were first optimized
for spinal cord material in order to make it suitable for further quantification
by dimethyl labeling. In order to assess the accuracy and reliability of the
quantification results during different steps of protocol optimization, we
introduced three parallel experiments (A, B and C) as described in Table 1.
Complete experiment description and calculations are explained in detail in
Paper I.
Table 1. Experimental setup.
Rat I
Exp.A
Rat II
Whole
lumbar
spinal cord

½ Digest I ― (L)

Mixture 1

½ Digest I ― (M)
½ Digest II ― (L)

Mixture 2

½ Digest II ― (M)
Digest III ― (L)

Mixture 3 (i)

Digest III― (M)
Exp.B

Rat III

Digest III― (L)

Mixture 3 (ii)

Digest III― (M)
Digest III― (L)

Mixture 3 (iii)

Digest III― (M)
Right
Dorsal
vs
Right
Ventral

Rat IV
Exp.C

Rat V
Rat VI

Digest IV Dorsal― (L)
Digest IV Ventral―(M)
Digest V Dorsal―

(L)

Digest V Ventral―(M)
Digest VI Dorsal― (L)
Digest VI Ventral―(M)

Mixture 4
Mixture 5
Mixture 6
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In Experiment A, one portion of protein digest from a homogenized spinal
cord sample was equally split into two parts and labeled with CH2O and
CD2O separately, represented as light (L) and medium (M) in Table 1. Then
the labeled samples were mixed together, i.e. giving the expected protein
content ratio 1:1. Experiment A was repeated for two samples from different
rats (Rat I and Rat II). We performed the LC-MS analysis twice and considered them as technical replicates for each rat in experiment A.
Two types of standard deviation (σ1 and σ2) of the results from two LC-MS
runs were calculated. σ1 is used to compare the measured ratios from two
LC-MS replicates with their average value. By pooling the standard deviations together, the precision of MS data acquisition would be estimated. The
term “MS data acquisition” refers to all steps following the loading of sample onto the LC-MS system until obtaining the list of quantified proteins.
These steps include LC separation, MS analysis, conversion of mass spectrometry data into the files used for database search, the search itself, and all
other data post-processing. σ2 is calculated by comparing quantified ratios
with the theoretical protein ratio 1. This parameter indicates how large is a
dispersion of the experimental result from the true value. The pooled standard deviation here indicates the error generated during the whole experiment
A, i.e. it includes labeling and MS data acquisition.
Experiment B was performed using six portions of protein extract of homogenized spinal cord tissues from the same rat (rat III in Table 1). As it is
shown in Table 1, the tissues were digested individually, and labeled with
either light or medium isotopes. Then, the labeled samples were mixed together in pairs with protein content ratio 1:1 and analyzed in LC-MS twice.
σ1 and σ2 have been also calculated here. But in this experiment, the pooled
standard deviation using σ2 refers to the error generated from the whole experiment B, which includes the error from digestion as well. The errors calculated for both experiment A and B are shown in Table 2.
Table 2. Variations in experiments.
Pooled standard deviation
Sample
Expt. A
Expt. B
Expt. C

Rat I
Rat II
Rat III(i)
Rat III(ii)
Rat III(iii)
Rat IV,V,VI

MS data acquisition

the whole experiment

0.17
0.18
0.18
0.23
0.21
N/A

0.23
0.23
0.21
0.4
0.26
0.47

From Table 2 we can find that the error of the whole experiment A is slightly
higher than MS data acquisition alone. It means that labeling step generates
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less error to the whole experiment A than the MS data acquisition. But the
error from MS data acquisition is very stable in both experiments A and B.
The total error of experiment B varies from sample to sample. That is mainly
introduced by a digestion step; here we can say that in our method the digestion step is not as robust as the labeling step. More replicates for digestion
are needed in order to lower the variation.
For assessing the biological effect, Experiment C was performed. We separately extracted the proteins from right dorsal and right ventral parts of a
spinal cord section from the same rat (e.g., rat IV). Equal protein amounts
were taken from both sections and targeted by medium and light labels,
mixed together, and analyzed. The experiment was applied on three naive rat
samples in parallel (rat IV, rat V, and rat VI). However, assessing the error
associated with our method in experiment C is not as direct as in experiments A and B, where the true value is known to be equal to 1. Due to the
different distribution of spinal cord laminae in dorsal and ventral region,
some of proteins may not be expressed in the same levels in those two regions, so the quantified ratio we obtained is not expected to be 1 for all proteins.
In order to estimate the error, we assumed that average ratio of all six injections is close to the true value, and calculated the standard deviation (σ3) of
the quantification result from each injection using their average value. And
total error from experiment C is calculated by pooling the standard deviation
together, which was found to be equal to 0.47. The average variation associated with our method is calculated from six injections in experiment B using
σ3, which is equal to 0.23. The relationship of the errors from experimental
and biological replicates could be demonstrated as following: Total errors2
(calculated from experiment C) = experimental effects2 (calculated with the
replicates in experiment B) + biological effects2. From here, we can roughly
get the error from biological variation, which is equal to 0.41. It is greater
than the experimental associated error. Same observation was also noticed in
earlier studies with other proteomic techniques,70,71 biological variations had
the biggest contribution to the total error in quantitative proteomics.

6.1.2 Method Evaluation for MALDI-IMS Approach
In order to ensure that the method provided the best performance, matrix
components and total amount has to be optimized prior to the analysis of
spinal cord tissue sections. Ammonium salts are commonly used in MALDI
imaging to increase MS signal. In this study, we first evaluated three ammonium salt solutions as 10% addition to the matrix solution: 150 mM ammonium acetate, 75 mM diammonium citrate, and 150 mM ammonium phosphate. We hand-spotted 0.2 μL of the matrix solutions which contained 10%
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of each ammonium salt, 50% MetOH, 3% TFA and 25 μg/μL DHB on to
spinal cord tissue. Matrix mixed with ammonium acetate gave the best signal
of all three and used in the following experiment.
Normally, a matrix to sample ratio of 5000:1 is suggested72 in MALDI-MS
applications. Since the total neuropeptide amount is unknown, a series of
tests was performed with the total matrix amount ranging from 0.2 μg up to
0.5 μg per each spot. The matrix solution was printed on the top of the spinal
cord slice using a chemical inkjet printer with the resolution of 200 μm between the spots. Figure 10 shows the results from the matrix optimization.

Figure 10. Comparison of signal-to-noise ratio of heme and substance P among
different matrix compositions.

Heme (m/z 616), a prosthetic group in hemoglobin73, and substance P (m/z
1348), one of the most extensively studied neuropeptides, were chosen for
the comparison of the MS signal for different matrix compositions. Heme is
an easily ionizable complex with iron, it gives a very high MS signal and
could mask the signal of intact peptides. Figure 10 shows that 0.24 μg of
DHB is the optimal total amount among all giving a high signal of substance
P and a weak signal of heme. In the following experiment, matrix solution
containing 10% of 150 mM ammonium acetate, 25 μg/μL DHB in 50%
MetOH and 3% TFA, was applied on lumbar spinal cord tissue from Naive
rats with total matrix amount of 0.24 μg in each matrix spot.
MALDI-IMS method is a powerful tool for imaging of neuropeptides in
brain in the studies of neurodegenerative disease. In Paper IV, we are aiming to address whether MALDI-IMS is sensitive and robust enough for such
application in rat spinal cord. Experiment setup and data pooling are explained in detail in Paper IV. Briefly, three rats were used; for each rat four
tissue sections from Lumbar spinal cord were prepared. Four regions of interest (ROI) were marked in each section (LD=left dorsal; RD=right dorsal;
LV=left ventral; and RV=right ventral). In each ROI, multiple MALDI-MS
spectra were extracted, normalized, and pooled together in several levels for
data evaluations (see Figure 11).
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Figure 11. Experimental setup and scheme of data pooling from Paper IV. A, The
spectra extracted from ROIs (level-0) were first pooled together. An average signal
of each m/z was calculated and formed one spectrum representing its ROI (level-1).
One more level of pooled spectra were created by taking the average of the level-1
spectra in the same region, and formed a level-2 spectrum representing the ROI in
one rat. For each rat, there were four level-2 spectra. B, The level-2 spectra were
pooled together according to their ROIs generating level-3 spectra to illustrate the
overall peptide expression difference in LD, LV, RD and RV region.

Unlike the variations described in chapter 6.1.1, in this experiment no technical replicates were used, which means only the experimental variation
could be estimated including both method variation and biological variations
(either between sections or between rats). Mean percent coefficient of variation (%CV), also called mean relative standard deviation (equation IX) was
calculated and used for representing the experimental variation.
100

%CV

(IX)

The %CV is calculated for each m/z with level-1 spectra (section-to-section)
and level 2 spectra (rat-to-rat), see Table 3.
Table 3. Variations in MALDI-IMS experiment
Sample
SectiontoSection

Rat A
Rat B
Rat C
Rat-to-Rat

%CV in each Sub-regions of spinal
LD
LV
RD
RV
28
33
42
39
33
35
32
36
32
34
37
36
22
18
21
18
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From Table 3, we can notice that the variation between rats is smaller compared to the variation between sections in the same rat. This unexpected
observation could be explained from both statistics and experiment aspects.
To calculate the rat-to-rat variation, level-2 averaged spectra are used to
represent each spinal cord region in each rat and compared to their group
average in level 3. But in section-to-section variation, level 1 and level 2
average spectra are used to estimate the variation. The higher average level
contains more data points than the lower level, which results in lower variation. On the other hand, one of the biggest variation contributors in this experiment is the matrix printing, but since all sections of the three rats has
been mounted on the glass slide in a randomized manner, the contribution of
systematic error from the matrix and the instrument will be the same in each
rat. By taking average of the sections, these variations are removed. Generally, in neuropeptides imaging studies on rat brain64, an average %CV between animal group is ranging from 16% to 22%. Our result indicates that
rat spinal cord has similar variations as brain in neuropeptide imaging with
MALDI-IMS. Compared to the LC-MS quantification method, biological
variation has less effect on the total variations of the experiment with
MALDI-IMS.
The reproducibility of the MALDI-IMS result was validated using several
well-studied compounds in spinal cord. MS spectrum in Figure 12 demonstrates the reproducible m/z values for every substance in all ROIs in spinal
cord in both low and high m/z range, i.e. the MS accuracy is high and the
detection is robust for all sections. Same signal intensity in all four spinal
cord regions are observed from heme and phosphatidylcholine (diacyl18:0/18:1). This proves that the normalization has been applied successfully.
Heme and phosphatidylcholine (diacyl-18:0/18:1) provide complementary
images since their signals are evenly distributed in the gray matter and white
matter respectively. At the same time, substance P is very abundant in the
outer layer of dorsal region as expected74, remarkable difference can be observed in the MS spectra between dorsal and ventral regions. This indicates
that there is no peptide migration during the washing step in the sample
preparation. Thymosin beta-4, a ubiquitous G-actin sequestering protein, is
found predominantly distributed in the gray matter75. In its MS spectra, dorsal regions tend to have slightly higher concentration of thymosin beta-4
than it in the ventral regions. The ion distribution images of all ions in Figure
12 are well in line with the results from other studies. This confirms that the
developed MALDI-IMS method has sufficient sensitivity and robustness for
imaging studies on rat spinal cord.
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Figure 12. Overlapped MS spectra of four regions in spinal cord and ion distribution
images of four substances of interest from Paper IV. Left: the lower mass range
(500 to 1000 m/z) contains signals from low molecular weight molecules, lipids and
small peptides; Right: the higher mass range (1000 to 5000 m/z) covers the signals
of neuropeptides and small proteins. MS spectra are generated from Origin 9.1 and
the imaging result is generated from the FlexImaging software. Images shown in
blue, orange, green and yellow are Heme, PC (diacyl-18:0/18:1), substance P, and
Thymosin beta-4, respectively. Orientation of the tissue is the same as in Figure 9

6.2. Application of Developed Methods for Studies of
SNL Associated Spinal Cord Proteome Changes
Global changes of spinal cord proteome associated with SNL were investigated in Paper II & III with the LC-MS quantification approach. Paper II
describes the examining of protein content in ipsilesional dorsal spinal cord
of SNL rat compared to two control groups: Sham-operated and Naive group
(10 animals in each group). The rats from the Sham group were operated the
same way as the SNL except for the actual ligation of the nerves. Rats in the
Naive group were healthy and did not receive any surgery. The quantitative
results were presented as protein ratios of SNL/Naive and Sham/Naive. 498
proteins were quantified in all samples, 153 proteins were found in at least
nine sample mixtures and were selected for further analysis. Among the
mentioned 153 proteins, 38 proteins were found significantly differentially
expressed in the SNL rats compared to the Sham rats as evaluated by t-test.
However, considering the normal distribution, Bonferroni correction (de41

scribed earlier in section 5.4) was applied to further confirm the most significantly altered proteins.
Table 4. Proteins showing significantly different expression levels between Sham
and SNL groups (Rsham: Average ratio of Sham/Naive; RSNL: Average ratio of
SNL/Naive).
UniProt ID
SYN1_RAT
MAP2_RAT
LDHA_RAT

Gene name
SYN1
METAP2
LDHA

RSham
1.13
0.88
1.53

RSNL
0.67
0.55
1.03

p-value
3.55E-07
1.23E-05
2.52E-04

After a series of strict evaluations, SYN1 (Synapsin 1), MAP2 (Microtubuleassociated protein 2), and LDHA (Lactate dehydrogenase A) remained significantly altered (Table 4). SYN1 and MAP2 are substantially down regulated in the SNL rats with no gross changes in the Sham group. Change in
LDHA is highly significant for the SNL group compared with the Sham
group. However this protein is also affected by surgery, inflammation and /
or acute pain. Consistently, LDH enzymes have been reported to be associated with inflammation.76
SYN1 is a neuronal phosphoprotein associated with synaptic vesicles77 and
presents in the reserve pool of the synapse.78 SYN1 through its role in the
anchoring of synaptic vesicles minimizes transmitter release preferentially at
the inhibitory synapses as demonstrated in genetic depletion experiments.78
It has been firmly established that lacking of synaptic inhibition is the major
contribution to the central pain sensitization in chronic pain states.79 The
down-regulation of SYN1 in SNL rats may result in a low vesicle release
from inhibitory interneurons and inhibit signal transmission in neurons thus
contributing to an imbalance between glutamatergic and GABAergic synaptic transmission and to the manifestation of neuropathic pain. MAP2 (Microtubule-associated protein 2) is specifically expressed in neuronal perikarya
and dendrites,80 where it regulates microtubule stability and dendritic elongation.81 The MAP2 down-regulation may lead to retraction of dendrites and
inhibit interneuronal communication in the SNL rats contributing to neuropathic pain. The down regulation of SYN1 and MAP2 indicates that SNL
could lead to dysfunction of the signaling of inhibitory interneurons.
An Ingenuity Pathway Analysis (IPA) has been performed using the quantified result from the 38 significant proteins. IPA shows not only the interaction between the identified proteins, but also other proteins which are not
detected by our LC-MS/MS are found strongly associated with our results
trough the IPA database, like calcium ion channels and a chloride intracellular ion channel (CLIC4). The calcium channels could provide an excitatory
postsynaptic potential for signal transmission in neuron, which triggers neu42

rotransmitter release. They play important role in pain development. However, little is known about the chloride intracellular ion channel in the pain
process, but it is suggested to have roles in membrane trafficking in brain.82
From the associated proteins, we can predict that the calcium-dependent
processes, i.e. excitatory signaling, and CLIC4 were activated by biological
mechanisms after nerve ligation.
Mechanisms of left and right asymmetric neural circuit caused by genetic
and environmental factors were discussed recently.83 Model organisms with
simple and easy accessible nervous systems have begun to provide some
answers, but the key principle of this still remains largely unclear. The
asymmetric neural circuit is particularly interesting in the studies of neuropathic pain models, when pain response introduced to animals by nerve surgery/ligations on either left or right side of peripheral nerves.16 If the asymmetric neural circuit exists in nervous system in animal model, it has to be
taken into account when studying the alterations caused by pain in the central nervous system.
So in Paper III, the proteome changes between ipsi- and contralesional spinal cord regions in response to the pain-causing operations were evaluated.
Five groups of rats were used in this study, they were left side operated
Sham and SNL; right side operated Sham and SNL; and non-operated Naive
group (control), see Figure 13.

Figure 13. Experimental setup from Paper III. A, Each rat spinal cord sample was
divided into four sub-regions: ipsilesional dorsal (ID), contralesional dorsal (CD),
ipsilesional ventral (IV), and contralesional ventral (CV). Naive rat group didn’t
have operation side, the sub-regions were left dorsal (LD), right dorsal (RD), left
ventral (LV), and right ventral (RV). Protein extraction was performed in each individual sub-region. B, Instruction of sample pooling and labeling after protein extrac-
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tion. Same volumes of protein extracts from the samples were pooled together according to their sub-regions and groups. The naive rats were used as internal control
for normalization in the downstream analysis.

20 μg of total protein amount from each pooled sample was digested and
dimethyl labeled. Differentially labeled samples were mixed together according to the solid guideline in Figure 13B. Naive rat samples (green color
in Figure13B) were labeled as heavy. Samples from contralesional side of
either Sham or SNL operation were labeled as light (white regions in Figure
13B). The ipsilesional side samples of either Sham or SNL operation were
labeled as medium (pink regions in Figure 13B). In each mixture,
ipsilesional region was compared to its neighboring contralesional region,
and the same region in naive sample. In total, eight labeled mixtures were
created and relatively quantified. The quantitative results were presented as
ratios between ipsi-/contralesional sides for each protein.
In Paper III, we quantified 492 proteins in total and 211 of them were found
in all eight comparisons. In IPA analysis, 47% of the 211 proteins were
transporter proteins and enzymes, see Figure 14A. In the previous study, in
Paper II, 153 proteins were quantified in ipsilesional dorsal spinal cord
from right side operation. 71% of these proteins overlapped with our new
findings see Figure 14B. More proteins were identified and quantified in
Paper III than in Paper II, this is mainly due to the sample pooling effect.

Figure 14. Protein type in Paper III and overlapping result with Paper II.

A hierarchical cluster analysis was performed with the ipsilesional vs
contralesional ratios of the 211 proteins in all eight comparisons. From the
clustering result, 63 proteins were found as shared the similar expression
behavior among all comparisons. The top related canonical pathways with
these proteins were gluconeogenesis I; TCA cycle II; glycolysis I; mitochondrial dysfunction and aspartate degradation II.
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In the cluster analysis, one protein with very unique expression pattern is
placed far away from all other proteins. This protein is myelin protein zero
and its expression pattern attracted our attention. Figure 15 shows the ipsi/contralesional ratio of MYP0 in different groups both in dorsal and ventral
regions. In the left side operation groups, MYP0 shows higher expression
level in the ipsilesional side, which is the left side, except in the ventral region in SNL group. In the right side operation groups, the observation is
opposite than the previous one. In this case, contralesional side has higher
MYP0 expression, which is still the left side of spinal cord.

Figure 15. MYP0 expression patterns in different groups and regions in spinal cord
from Paper III.

MYP0 is an integral membrane glycoprotein expressed in Schwann cells,
which is a major structural component of the peripheral nerves.84 Lately,
more studies have reported that the expression of MYP0 can be found in
other places than in PNS, for example, in the CNS-PNS transitional zone in
mouse which is a few millimeters from the CNS surface.85 In other species,
expression of MYP0 is observed in myelinating oligodendrocytes of
zebrafish.86 It is also reported that the Schwann cell could migrate into spinal
cord for repairing the injured spinal cord, where high level of MYP0 expression could be detected.87, 88 The trigger of Schwann cells migration to spinal
cord is the decrease of central myelin caused by the injury. Our hypothesis is
that spinal nerve ligation caused the death or digestion (degeneration) of
oligodendrocytes in lumbar spinal cord, which released the stimulus for ingrowth of the Schwann cell to migrate into spinal cord to repair the demye45

linated axons. Together with the expression pattern in Figure 15, we assumed that the spinal nerve ligation highly affected the myelination in left
side spinal cord, no matter where the ligation took place.
As we know, proteins interact with each other in order to fulfill their biological functions. After SNL and Sham surgery, not only individual proteins are
significantly affected, the whole proteome pattern is also altered in response
to the different operations. To reveal the alteration of proteome pattern, variance of proteome was calculated in each spinal cord region in all animal
groups and operation sides. The pair wise comparison of variances between
different proteome sets has been performed using Levene's test, and significance of differences between the variances has been characterized by the pvalues. The calculations are explained in Paper III in detail.
Among many comparisons of proteome variances, some have shown high
significance with the p-values below 0.01. In particular, in the dorsal regions, the proteome variance was significantly increased in the
contralesional region compared to i) ipsilesional region in SNL group, and
ii) contralesional region in Sham-operated rats. In the ventral regions, the
right SNL compared to Sham resulted in the variance decrease in the
ipsilesional region, while no effect was evident after left SNL. These changes in proteome variance show that pain-related response is lateralized in the
spinal cord and suggest that the mechanisms of neuropathic pain involve not
a limited number of specific proteins but rather a large fraction of the proteome. The elevation of proteome variance implies global rearrangement of
proteome that may include up- and down-regulation of substantial protein
fractions. These adaptations may contribute to the acquisition by the
contralesional neuronal circuits of novel sensory and motor functions that
are lost in the impaired ipsilesional region.

6.3 Neuropeptides Distribution in Rat Spinal Cord
In order to apply the developed MALDI-IMS method for NP associated
studies, we have chosen to track the distribution of pain related neuropeptides using their known m/z values. The distribution maps are displayed in
Figure 16. Protachykinin-1(Tac1)-derived peptides: substance P and
neurokinin A (Figure 16B) have significant role in spinal pain mechanisms89.
Dynorphins (Figure 16C) could regulate pain processing90. The
proenkephalin(Penk)-derived peptides (Figure 16D) are metabolized through
cleavage into met-enkephalin and leu-enkephalin, which bind to opioid receptors. Both substance P and neurokinin A have high signal in superficial
dorsal horn, but differently, neurokinin A is weakly distributed in the ventral
spinal cord, while substance P is exclusively localized in the superficial dor46

sal horn. Dynorphins: alpha-neoendorphin; dynorphon B and a metabolized
fragment of dynorphin A (dynorphin A 10-17), all show slightly higher signal in lower part of dorsal region than in ventral region. All three Penkderived peptides are co-localized and give strong signals in the dorsal horn
and especially in the center and superficial dorsal horn. The biological functions of these peptides are still unclear. Interestingly, in rat brain, these peptides are also co-localized in striatum region55. It was clearly shown in Figure 16 that peptides from different precursor proteins could be grouped and
distinguished according to their distribution pattern.
Apart from creation the ion distribution map of the selected peptides,
MALDI-IMS results can be directly used for relative peptide quantification
in different ROIs. For all peptides in Figure 16, the dorsal vs ventral ratios
were ranging from 1.26 to 6.39. The p-values of these ratios are lower in left
side than in the right side. Proenkephalin 197-208 and neurokinin A are significantly different in dorsal and ventral region in both left and right side.
Substance P was only significantly up scaled in left dorsal compared to left
ventral. The differences between left and right regions were relatively small,
from 0.95 to 1.23, and none of the peptides is significantly altered in either
side of the spinal cord.
It has to be pointed out that the peptide quantification in this study is based
on the average signal of ROIs, which is bigger than expression area of some
of the selected peptides. As it is shown in Figure 16, peptides like substance
P and proenkephalins have very strong signals in particular locations of dorsal region of spinal cord. Under quantification, their MS signal is reduced by
taking the average signal of the whole ROI. The differences of neuropeptide
signals are less significant between the whole dorsal and ventral regions.
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Figure 16. Distribution imaging of pain related neuropeptides in Naive rats from
Paper IV. A, Matrix coated tissue section with orientation information of spinal
cord. B, Protachykinin-1-derived peptides. C, Prodynorphin-derived peptides. D,
Proenkephline-derived peptide.
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7 Conclusion and Future Aspects

Two proteomic/peptidomic approaches were optimized for spinal cord proteome/peptidome analysis, which can be applied in the study of neuropathic
pain. A labeling based quantitative proteomics method was investigated and
evaluated in Paper I. The optimized approach provides stable and repeatable
relative quantification results comparable to other commercial methods. It
also has a fairly fast procedure and requires inexpensive chemicals, which
makes it suitable for large-scale studies. This method was successfully applied in a study of ipsilesional dorsal spinal cord proteome after spinal nerve
ligation, described in Paper II and also a study of lateralization difference
between ipsilesional side and contralesional side in spinal cord, described in
Paper III. Thirty-eight proteins including synapsin 1 and microtubuleassociated protein 2 were found significantly differentially expressed in
ipsilesional dorsal region between the Sham and SNL groups of rats. Pathway analysis suggests that maladaptive changes in the levels of these proteins may contribute to abnormal synaptic transmission and neuronal intracellular signaling underlying the onset and development of neuropathic pain.
In Paper III, a peripheral myelin protein (myelin protein Zero) was detected
as regulated by the induced pain in the rat spinal cord. The abnormal signaling also related to the demyelination of axons or degradation of central myelin proteins in the spinal cord. Thus, we presume that peripheral myelin protein in Schwann cell migrates into the spinal cord in an effort to repair the
demyelinated axons. The expression pattern of other quantified proteins also
provides evidence of lateralization difference in rat spinal cord induced by
spinal nerve ligation. In Paper IV, a MS Imaging method was optimized and
evaluated in the study of neuropeptide distribution in Naive rat spinal cord.
The results indicate that the developed MALDI-IMS method is robust for
neuropeptide imaging in rat spinal cord and that it is sufficient to detect the
distribution difference of neuropeptides between dorsal and ventral spinal
cord region, but not sensitive enough for revealing any potential differences
between left and right sides of spinal cord.
So far, the performed proteomic analysis of neuropathic pain shows a promising start. It provides more hypotheses for understanding the underlying
mechanisms of neuropathic pain. Nevertheless, the pain associated proteins
still need to be confirmed by comprehensive methods, e.g. in-situ histology
or western blots. At the same time, there are many further aspects we have to
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explore in these animal models, e.g., the neuropeptide distribution in pain
models, in order to extend our knowledge about the mechanisms activated
during a nerve injury.

50

8 Swedish Summary / Svensk Sammanfattning

Denna avhandling fokuserar på att upptäcka de globala förändringarna av
proteiner och neuropeptider som uppstår vid neuropatisk smärta. Neuropatisk smärta (NP) utlöses av en skada i nervsystemet. Det är ett vanligt förekommande problem som kan orsakas av t.ex. cancer, diabetes, virusinfektion, traumatisk nervskada, etc. Smärtkänslan vid NP beskrivs ofta som
brännande, stickande, ilande värk, eller som en elektrisk stöt. Livskvaliteten
hos NP patienter påverkas allvarligt av denna ihållande smärta. Den uppskattade förekomsten av NP är 6-8% i befolkningen. Endast i USA, har den indirekta kostnaden i samband med kronisk smärta uppskattats till 100 miljarder
dollar per år och NP bidrar väsentligt till denna kostnad. Hittills är de bakomliggande mekanismerna vid NP inte helt klarlagda. Forskare har gjort en
hel del ansträngningar för att undersöka mekanismerna vid NP. Studier av
ryggmärgen spelar en mycket viktig roll vid NP studier, då denna vävnad är
den enda förbindelsen mellan hjärnan och de perifera nerverna. Neuroner
och nervbanor i ryggmärgen styr över vilka signaler som skall skickas till
hjärnan. En signal som innebär skarp smärta, vilket kan vara livshotande, går
direkt till hjärnan genom en snabb direktkopplad "express led", så att vår
hjärna snabbt skall kunna fatta beslut och flytta vår kropp bort från faran.
Andra signaler såsom klåda, kanske inte har samma prioritet som den stickande smärtkänslan, så denna typ av signal kommer att skickas via många
olika nervceller till hjärnan. Hos NP patienter verkar denna reglerande funktion hos nervcellerna i ryggmärgen i oordning, och just signalsorteringen
verkar trassla.
Djurmodeller såsom försöksmöss och råttor, används för att hjälpa oss att
förstå vad som händer vid NP. Försöksdjuren kan utveckla NP-liknande
symptom genom att man inducerar en perifer nervskada. Detta sker t.ex.
genom att man vid en operation snörper av (ligerar) en nervbana, s.k. spinalnervligering (SNL). Djuret utvecklar då en smärtsignalering som går att studera i kontrollerade former. Man kan jämföra vävnadsprover från ryggmärgen mellan skadade råttor och friska råttor och på så sätt identifiera hur
ryggmärgen ändras vid NP, särskilt på protein och peptidnivå.
I denna avhandling har två analytiska kemiska metoder utvecklats och designats för studier av NP. Dessa metoder kan användas för att analysera vilka
proteiner och peptider som finns i ryggmärgen och också bestämma hur
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mycket av dessa som förekommer. Båda metoderna är baserade på avancerad masspektrometrisk teknik. Proteomik är en storskalig studie av proteinstrukturer och dess funktioner vid ett givet tillfälle i en organism, på samma
sätt som genomik syftar till att lokalisera hela uppsättningen av gener i en
organism. Proteomikmetodiken kan appliceras direkt på celler, kroppsvätskor, vävnader eller organ och ge information om proteinstrukturer, posttranslationella modifieringar, protein-proteininteraktioner, och proteinuttrycksnivåer. Tack vare denna informationsrikedom, så har tillämpning av
proteomiktekniker inom klinisk forskning dramatiskt ökat under det senaste
decenniet, särskilt vid studier av hjärt-kärlsjukdomar, neurologiska sjukdomar, infektionssjukdomar och cancer.
Den första metoden vi har utvecklat och applicerat är en känslig men samtidigt robust kvantitativ proteomikmetodik med vätskekromatografi i kombination med högupplösande masspektrometri. Den kan upptäcka och kvantifiera proteiner som härrör från så lite som 2-3 mg råttryggmärgsprov. Ett annat tillvägagångssätt som vi också har utnyttjat är användning av s.k. matrisassisterad laserdesorptionsjoniserings masspektrometri för direkt avbildning
(MALDI-IMS), som kan användas direkt på ett mikroskopiskt tunt vävnadssnitt av en råttryggmärgssektion och på så sätt ge information om lokalisationen av små proteiner och neuropeptider i ryggmärgen. Resultaten från
dessa båda metoder är av stor betydelse för den allmänna förståelsen av de
bakomliggande mekanismerna för NP och möjliggör identifiering av nya
potentiellt viktiga målmolekyler för nya behandlingsstrategier vid NP.
I denna avhandling har en utvärdering av dessa metoder och deras tillämpningar vid NP studier utförts. I Paper I var det den kvantitativa proteomikmetodens tillvägagångssätt och en nyligen utvecklad inmärkningsmetod som
utreddes och utvärderades. Denna teknik ger inte bara stabila och repeterbara
relativa kvantifieringsresultat, väl jämförbara med andra kommersiella metoder, den har också en ganska kort procedur och kräver enbart billiga kemikalier, vilket gör den särskilt lämplig för storskaliga studier. Denna metod
har framgångsrikt tillämpats i studier av proteinförändringar vid NP i olika
regioner av ryggmärgen. Paper II beskriver en fokuserad studie av ryggmärgsproteomet ipsilateralt (samma sida som skadan) efter spinalnervligering, och i Paper III redovisas en studie där skillnader mellan den ipsilaterala
och kontralaterala (motsatta sidan i förhållande till skadan) sidan undersökts.
I dessa tre studier, har 38 proteiner inklusive synapsin 1 och mikrotubuliassocierat protein 2 funnits vara signifikant skilt uttryckta ipsilateralt mellan
kontrolldjur (Shamopererade) och behandlade (SNL) djur. Analys av de
biokemiska system som dessa proteiner reglerar tyder på att störningar i
nivåerna av dessa proteiner kan bidra till onormal nervsignalering så väl
extracellulärt som intracellulärt och vara en underliggande förklaring till
utvecklingen av neuropatisk smärta. Ett perifert myelin protein (myelinprote52

in zero) verkar vara mycket starkt kopplat till regleringen av den inducerade
smärtan i råttryggmärgen. Den onormala signaleringen är också relaterad till
demyelinisering av axoner eller nedbrytning av centrala myelinproteiner i
ryggmärgen. Således tror vi att perifert myelinprotein kommer in i ryggmärgen i ett försök att reparera de demyeliniserade axonerna. Uttrycksmönstret
hos andra kvantifierade proteiner ger också belägg för asymmetriska proteinmönster i råttryggmärgen. I Paper IV utnyttjades MALDI-IMS avbildningsmetoden för att visualisera protein- och neuropeptiddistribution i friska
råttors ryggmärg som ett första steg mot att senare kunna studera NP. Resultaten indikerar att den utvecklade MALDI-IMS metoden är robust och tillräckligt känslig för att detektera skillnaden av proteiner och neuropeptider i
ryggmärgssnitt.
Hittills utförda proteomikanalyser av den neuropatiska smärtmodellen visar
på lovande resultat. Flertalet nya hypoteser har genererats för att förstå de
bakomliggande mekanismerna för NP, men resultaten behöver självfallet
verifieras och testas i andra modeller och system. Det finns fortfarande fler
aspekter som vi måste undersöka i dessa djurmodeller för att utöka vår kunskap om de mekanismer som aktiveras under en nervskada.
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