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Abstract: The mechanism behind itching is not well understood. Proton nuclear magnetic
resonance ("H-NMR) spectroscopic analysis of spinal cord extracts provides a quick modality for
evaluating the specific metabolic activity of a-Me-5-HT-evoked pruritus mice. In the current study,
four groups of young adult male C57BI/6 mice were investigated; one group treated with saline,
while the other groups intradermally injected with a-Me-5-HT (histamine independent pruritogen),
histamine (histamine dependent pruritogen) and capsaicin (algogenic substance), respectively. The
intradermal microinjection of a-Me-5-HT and histamine resulted in a dramatic increase in the itch
behavior. Furthermore, the results of NMR studies of the spinal cord extracts revealed that the
metabolites show very different patterns for these different drugs, especially when comparing
a-Me-5-HT and capsaicin. All the animals in the groups of a-Me-5-HT and capsaicin were
completely separated using the metabolite parameters and principal component analysis. For
a-Me-5-HT, the concentrations of glutamate, GABA, glycine and aspartate increased significantly,
especially for GABA (increased 17.2%, p=0.008). Furthermore, the concentration of NAA
increased, but there was no significant difference (increased 11.3%, p=0.191) compared to
capsaicin (decreased 29.1%, p=0.002). Thus the application of magnetic resonance spectroscopy
technique, coupled with statistical analysis, could further explain the mechanism behind itching
evoked by a-Me-5-HT or other drugs. It can thus improve our understanding of itch

pathophysiology and pharmacological therapies which may contribute to itch relief.

Keywords: Itch; Spinal cord; Metabolites; Nuclear magnetic resonance spectroscopy; GABA.



Introduction

Pruritus represents a major health concern as an unpleasant sensation accompanied
by the characteristic scratch desire or reflex [1, 2]. It's widely acknowledged that the
spinal cord is responsible for the generation and transduction of itch induced by many
pruritogens. Several spinal theories have been proposed to explain the basic mechanism
behind the itch, such as spinal neurons which express the G-protein coupled receptor
Mrgpra 3, gastrin-releasing peptide receptor (GRPR), natriuretic polypeptide B (Nppb)
and neuromedin B receptor (NMBR) are involved in the transmission of acute itch and
long-lasting itch [3-7]. Furthermore, metabolomics approaches for the measurement of
the local metabolites is a powerful tool when characterizing the pathologic and metabolic
processes of central nervous system diseases [8-10]. A better understanding of the spinal
metabolites underlying itch processing with specific linkage as to which neural processes
relate to itch perception and scratching, is urgently needed in order to elucidate the itch
mechanisms and develop new approaches of itch relief.

The development of nuclear magnetic resonance (NMR) methodologies over the past
decades has revolutionized basic neurochemistry research. Proton NMR (*H-NMR) is a
basic technique for the measurement of regional metabolite concentrations in vitro or in
vivo, such as y-aminobutyric acid (GABA), glutamate (Glu), N-acetylaspartate (NAA),
alanine (Ala), creatine (Cr), glutamine (GlIn), lactate (Lac), etc [11, 12]. To our knowledge,

NMR has not yet been used to assess itch-induced metabolic responses in the spinal cord.



In our previous research, the inhibition of itch-related responses was identified
through selectively ablated serotonergic signals [2]. The purpose of the injection of
alpha-methyl-5- hydroxytryptamine (a-Me-5-HT, a serotonin derivative) or histamine to
animals was to construct experimental models for studying the mechanisms of pruritus, as
the serotonergic system is involved in itch generation and processing [7, 13]. In order to
pursue the specific patterns of metabolites changes in spinal cords of a-Me-5-HT, two
different pruritogens (a-Me-5-HT and histamine) and one algogenic compound (capsaicin)
were employed in the current study (Reviewer’s valuable suggestion). We hypothesized
that the concentrations of the important metabolites in the spinal cord, such as glutamate
and GABA, should change with different kinds of phenotypes (itch and pain). *H-NMR
spectroscopy was employed to investigate the absolute concentrations and variations of
the spinal metabolites during the processing of pruritis or pain produced by intradermal

injection of a-Me-5-HT, histamine or capsaicin in the present study.

Materials and methods

Animals

Young adult male C57BI/6 mice (6 weeks, 22-25g) were obtained from Experimental
Animal Center of Tongji Medical College, Huazhong University of Science and
Technology. All the animals were housed in the plastic cages (3 in each cage) and
maintained on a 12-h light/dark (lights at 7:00 am-7:00 pm) cycle, with food and water

available ad libitum. The behavioral experimental procedures were performed in



accordance with the protocols approved by the Animal Care and Use Committee of Tongji

Medical College.

Itch model and behavior test

In order to explore the influence of the itch behavior on different metabolites on the
spinal cord, the 35 mice were randomly divided into four groups: normal saline (NS, n=8)
treated group, a-methyl-5-hydroxytryptamine (a-Me-5HT, Tocris, England; 30ug, 50ul,
n=9) and histamine (Sigma-Aldrich, MO, USA; 500ug, 50ul, n=9) treated groups and
capsaicin (Sigma-Aldrich, MO, USA,; 40ug, 50ul, n=9) treated group.

The itch model and scratching/wipes behavior test were performed similar with
previous researches [2, 4, 13, 14]. Briefly, under isoflurane (2% in pure oxygen)
anesthesia, both the nape of the neck (approx. 1 cm circle) and the cheek (approx. 5 x 8
mm area) were shaved three days before the behavior test. Each mouse was habituated in
separate plastic containers (9 x 9 x13 cm) for 45 minutes every day for three successive
days before the day of the experiment. On the 4th day, each mouse was habituated for 30
min, shortly removed from the container and quickly administered with an intradermal
injection of 50ul a-Me-5HT, histamine, capsaicin or normal saline at the nape skin of the
neck. To manifest the effects of capsaicin on the algogenic behavior, 14 more mice was
used for the measurement. Capsaicin was intradermally injected into the cheek (n=4) or
the nape of neck (n=6), while the control group (n=4) was treated with saline intradermal

injection to the cheek. The mice were immediately shifted back to the container. Video



cameras were used to record the activities of the mice for a 30-min post injection period.
The number of scratches or wipes was counted and the differences between the control

and the experimental groups were obtained to verify the effect of the drugs.

Spinal samples for NMR study

For the itch related studies, the c-fos-like immunoreactivity was always investigated
2h after injection [15, 16], thus the changes of metabolites in the spinal cord of animals
were detected two hours after the injection. In order to avoid the impact of post-mortem
changes (Reviewer’s suggestions), the anesthetized mice were microwaved (0.75kw, 15s)
using a normal microwave machine (Midea, PJ21C-AU, China). The bottom half of the
spinal cords (white color, Cs-Cg) were quickly removed from the vertebral cervicals to a
2ml EP tube. The tissue was weighed and immediately frozen. All the samples were
maintained in a refrigerator at -80°C until further processing.

HCl/methanol (80uL, 0.1M) was added to the frozen tissues. Then the tissues were
homogenized with Tissuelyser for 1.5 min at a frequency of 20Hz (Tissuelyser II,
QIAGEN, German). Another 400uL 60% ethanol (vol/vol) was added in the EP tubes and
the mixture was homogenized again under the same conditions. The mixture was
centrifuged at 14,000 g for 15 min and the supernatant was collected. The extraction steps
were repeated twice with 1200uL 60% ethanol to extract the substance. All the
supernatants were collected together and desiccated with the centrifugal drying apparatus

(Thermo Scientific 2010, Germany). The dried product was collected for further NMR



studies.

Preparing the samples for NMR detection: Phosphate buffer [pH=7.2, 60ul, 120mg/L
3-(Trimethylsilyl) propionic - 2, 2, 3, 3, d4 acid sodium salt (TSP, 269913-1G,
Sigma-Aldrich) in D,O] and 540 pL double distilled water were added to dissolve the
dried product and TSP was set as the internal standard. The solution was mixed evenly
with a high-speed vortex and centrifuged at 14,000 g for 15 min, and the supernatant

(530ul) was withdrawn and transferred to a 5Smm NMR tube for *H-NMR analysis.

NMR Spectroscopic Analysis

All NMR spectra were acquired at 298 K on a BrukerAvance Ill 600 MHz NMR
spectrometer equipped with an inverse cryogenic probe (BrukerBiospin, Germany). The
'H-NMR spectra were acquired with a standard WATERGATE pulse sequence [17]. The
90° pulse length was adjusted to about 10.1us for each sample and 128 transients were
collected into 32k data points over a spectral width of 20 ppm.

In order to assign the metabolites in the H-NMR spectra, a series of
two-dimensional (2D) NMR spectra were collected for a random sample (Fig. S1). The
2D spectra include *H-'H correlation spectroscopy (COSY), J-resolved spectroscopy
(JRES), 'H-'H total correlation spectroscopy (TOCSY), 'H-3C heteronuclear single
quantum correlation (HSQC) and *H-'*C heteronuclear multiple bond correlation (HMBC)
2D NMR spectra (An example of 2D NMR spectra analyses was added in the

supplemental material). All the NMR studies were completed using the commercial



software TOPSPIN (V3.0, BrukerBiospin, Germany).

NMR Data Processing

The NMR spectral data processing was completed in the commercial software
TOPSPIN and NMRSpec, a home-made tool using MATLAB code [18], which has been
successfully used for several NMR studies [19, 20]. For H spectra, the experimental
window function was employed with a line broadening factor of 1 Hz prior to the Fourier
transformation. All the spectra were manually phased and baseline corrected in Topspin.
The chemical shift of the spectra was adjusted with the internal standard TSP (6=0). The
peak alignment and integration were completed in NMRSpec. Most amino acids were
located in the region of 1.1-4.2 ppm, and very few signals were there in other regionS or
otherwise overlapped with macmolecular/lipids’ signals. Similarly with the brain extracts
[21], the spectral regions 6 1.1-4.2 ppm were collected. The basic theory of the peak
alignment and integration has been described before [22]. The 25 related peak areas were
calculated separately (Fig. 1, Ace, and GABA; combined together).

The weights of the tissues were very similar ~ around 10 mg and thus the *H-NMR
spectra could be normalized by the tissue weight: All the peak intensities of a spectrum
could be normalized with the tissue weight to generate a normalized spectrum. Then all
the normalized spectra in the same group were averaged point by point with the total
number of animals in every group after the ‘H-NMR spectra were aligned using

NMRSpec. After that the average spectra was obtained.



The absolute concentrations (umol/g wet weight) of the metabolites were calculated
from the related peak areas in spectrum of the sample, the internal standard NMR spectra
(TSP) and the weight of specimen. The procedure of calculation is given in the following
equation:

Cinet = W * (Crysp * Vrusp) * 9/Wt @

Where Anet and Arsp are the area of the related peaks of the target metabolites and
TSP; Ny is the number of protons of the metabolites within the certain area of Apet; Rmet IS
a constant value for a certain metabolites and was calculated from the ratio between the
partial NMR signal of the standard metabolite between the selected region (almost pure
chemical signal) in a real sample and the whole proton signal in the standard spectrum;
Ctsp and Vygp are the concentration and volume of TSP standard solution added in the
NMR tube respectively; W, is the total wet weight of the specimen, and 9 is the number of
protons in the TSP. Furthermore, as there are always many peaks for the same metabolites,
therefore it was better to select a pure signal which was not overlapped by other signals,
such as Asps, Tauy, Alas, Cre;, Choline and Lacs, where Ry Was equal to 1. However, if
there was no pure signal available for a related chemical, it was better to select part (Rmet)
of the related signal; such as GABA;(0.534), Glu, (0.871), Myo; 3 (0.307), Gln,(0.392),

and NAA, (0.587). In case, the signals were totally overlapped, then it was impossible to

use them to calculate the absolute concentration.



Statistical analysis

Multivariate data analysis was performed with the software SPSS (\ersion 22) and
home-made code NMRSpec in MATLAB [18].

During the sample processing, there was no easy way for the ethanol content to be
removed completely. As scuh, the signals of ethanol could influence the spectral analysis
in the related spectral regions (o6: 1.15-1.22 and 3.622-3.710), so the ethanol signals were
discarded.

The principal component analysis (PCA) was conducted using the absolute
concentration of the metabolites to generate an overview for group clustering and to
search for the possible outliers.

One-way analyses of variance (ANOVA) were employed to determine the significance of
differences for both behavior data and metabolite levels followed by least significant
difference (LSD) post-hoc tests to examine differences among groups. The criterion for
statistical significance was a probability value of 0.05. All results are presented as means

+ SEM.

Results

Evaluation of the behaviors induced by different stimulus

The time course of the scratching/wipes behaviors was compared among the saline
treated (control) group and drug-treated groups (a-Me-5-HT, histamine or capsaicin).
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The number of scratches elicited by different stimuli is illustrated in Fig. 2A and 2B,
which shows the time course of scratching behavior during the 30-min test period with
5-min intervals after the intradermal injection of a-Me-5-HT, histamine or normal saline
in the nape of the neck. Compared with the control group, all the mice in the treated
groups exhibited a dramatic increase in scratching behaviors per 5 min evoked by
a-Me-5-HT or histamine (Fig. 2A). Injection of pruritic stimulation drugs induced many
more (F=68.751, p<0.001) scratching responses during a period of 30 min (a-Me-5-HT,
266.6+23.10; histamine, 93.22+10.06) than in the control group (7+2.87) (Fig. 2B).

The time course of the scratching/wipes behaviors was compared among the saline
(cheek treated) and capsaicin treated groups (cheek or nape of the neck treated).
Compared to the control group, scratch-like behaviors (the hind paws of the treated
mouse were used to slightly touch the injection site which was more likely a reflex for
alleviating pain induced by the capsaicin instead of a true scratch behavior, as the
forelimbs were not able to reach to the nape of the neck) were found to have increased
dramatically after the capsaicin was treated into the nape of neck, while the wipes
behaviors emerged and increased in the 5 minutes after capsaicin injected into the cheek
(Fig. 2C). The total numbers of wipes or scratch-like behaviors during the 30-min test
period was calculated in Fig. 2D (F=14.266, p=0.001). The difference between the
capsaicin group (into nape or into cheek) and the NS group was significant
(Pnape-ns=0.003, Peheek-ns=0.001). Data is represented as Meanst SEM. The asterisks
denote significant differences between the two groups (**: p<0.01, ANOVA test, followed
by LSD post-hoc tests).
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Impact of the microwave treatment on the metabolites

In order to avoid the post-mortem changes of the metabolites (Lactate, GABA, alaine,
etc) (Reviewer’s suggestion) [23], the microwave method was employed in the current
study to denature the enzymes in the tissue with a high temperature treatment. A
normal household machine was used in the current study due to the commercial head
focused microwave machine is too expensive [24]. The average tissue weight decreased
to 10.44+0.44 mg (from 16.56 + 0.76 mg without microwave), which was caused by
water being lost during the period of microwave treatment. Although the tissue weight
decreased, the lactate concentration dropped to 5.53 + 1.28umol/g (from 12.02 +
0.93umol/g without microwave). The results verified that the enzymes in the tissue were
totally denatured after the microwave treatment and concentrations of the other

metabolites could reflect the concentrations at the real time of treatment.

Absolute concentration of the metabolites

The average NMR spectrum of the extracts for the spine samples in the control group

and the drug-treated groups (two pruritic stimulation related drugs: a-Me-5-HT and

histamine; one algogenic stimulation drug: capsaicin) were calculated (Fig. 1), which was

obtained from the normalization of the spectra by the weight of the tissues.

12



In order to pursue the effects of the drugs on the mice, differences of the average
spectrum among the treated groups and control group were also calculated from the
difference of two average spectra point by point (Fig. 3). For a clear visualization, the
three different spectra were collected in the same figure. There is no standard deviation
information in this figure, thus it could not be directly utilized to provide the effect of the
drugs on the metabolites. However, it could roughly evaluate the tendency of results of
these three different drugs. a-Me-5-HT and capsaicin have two different influence
patterns on the changes of the metabolites - one positive and the other one negative -
especially NAA, alanine, aspartate, GABA and glutamate (two major neurotransmitters).

In order to precisely assess the effects of these three different drugs, absolute
concentrations of all the related metabolites were calculated and compared (Table S1 and
Fig. 4). The raw data of average and standard deviation of some selected chemicals are
displayed in Fig. 5. Statistical significance of differences among different groups was
assessed by one-way ANOVA followed by LSD post-hoc multiple comparison test, and
the results were collected in Table S1. The concentrations of most metabolites were
significantly changed among the control and groups treated with a-Me-5-HT, histamine
and capsaicin. In order to pursue the contribution of the metabolites on the drugs’
treatment, metabolites in the drugs treated groups was detailed compared with the control
group using the method of one-way ANOVA followed by LSD post-hoc multiple

comparison test. The results were illustrated in Fig. 4.
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The concentration of lactate was used to verify whether the microwave method could
be used to cease metabolism in the animal tissue for a short period of time. It does not
increase to a significantly higher value (remained around 12pumol/g even using higher wet
tissue weight with fast operation under cold temperature). Thus the metabolic reaction
had been totally ceased in the mice brain with the microwave method. Furthermore, there
was also no significant difference among these four different groups with the ANOVA
analysis.

From the results of the statistical analysis, most of the metabolites in the spinal cord
had changed significantly after the drugs’ injection, especially for a-Me-5-HT and
capsaicin, such as glycine, glutamate, GABA, taurine and aspartate. It is interesting that
the tendency of most changes was opposite in the itch and pain animal models. Similarly,
in comparison with the control group, the chemical NAA did not increase significantly in

the group treated with a-Me-5-HT but did decrease in the capsaicin-treated group.

Results of PCA analysis

Using the absolute concentration of the metabolites, PCA analysis was performed in
SPSS to generate an overview for group clustering and to search for the possible outliers.
The PCA method was used to reduce the dimensions of variables by dropping
unnecessary data. At the end, the first three principle components PC1, PC2, and PC3
among the control and pruritic stimulation groups, control and algogenic stimulation
models, and pruritic and algogenic stimulation models were collected. The total

14



contributions of the first three components were higher than 80% of the variance for all
the variables and played major roles in all the comparison groups. The samples had a
tendency to cluster in both of a-Me-5-HT and capsaicin treated groups (Fig. 6A and 6B)
and the samples in both of the pruritic stimulation drugs were almost mixed together (Fig.
6C). However, the samples with oa-Me-5-HT and capsaicin treated groups were
completely separated (Fig. 6D), which means that these two drugs have significantly
different effects on the animals and consistent with their effects on the animal behavior

(pruritic and algogenic stimulation).

Correlation coefficient of the metabolites:

The whole correlation matrix of these spinal metabolites is shown in Table 1. In the
current study, if the correlation coefficient of two metabolites was higher than 0.80, it
could be considered that there was a strong correlation between the two, and might be
with similar aspects of the functions encoded. The correlation coefficients of alanine,
creatine or taurine with the other metabolites were negative, which were also verified by
Fig. 3. Changes in these three metabolites tend to be similar to each other and opposite to
the other metabolites. The concentrations of NAA, glutamate, glycine, myo-institol,
GABA, and aspartate were positively correlated, especially between NAA and glutamate,
myo-institol and NAA, aspartate and NAA, etc. All of these metabolites tended to change

similarly after different kinds of drug stimulations.
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Discussion

This study delineated the changes of the metabolites among the spinal metabolites
during o-Me-5-HT-induced pruritic behavior as assessed by *H-NMR. In order to verify if
the recognized neurotransmitters are itch-specific, two other drugs were added: one was
histamine for pruritic stimulation under histamine dependent mechanism; the other was
capsaicin for algogenic stimulation. The principal findings were as follows: (1)
intradermal microinjection of a-Me-5-HT resulted in a dramatic increase in itch-related
behavior; (2) itch stimulation by a-Me-5-HT significantly increased the transmitters of
glutamate, GABA, glycine and aspartate in spinal cord, and decreased taurine; (3)
changes in most of the neurotransmitters were almost opposite between pruritic and
algogenic stimulation groups, and also different between two pruritic stimulation drugs,
which means that the animal behaviors were due to the influence of different

mechanisms.

Application of NMR-method

There is a consensus that *H-NMR is a sensitive method for the analysis of
biological tissues in vivo and in vitro [10, 25, 26], as it provides more biochemical
information on acute and chronic pathological processes than conventional MRI. The
application of *H-NMR in pain analysis has been widely documented [11, 12, 27], which
indicates that there exists the feasibility of this technique in detecting metabolic changes

16



during the pathological pain conditions. A large number of neuroanatomical,
neurophysiologic and neurochemical mechanisms are thought to contribute to the
generation and transduction of itch [28-30]. The spinal cord is a critical area associated
with itch processing and modulation [4, 5, 30]. However, the spinal metabolomics
responsible for itch has not been completely delineated. To explore the spinal mechanisms
underlying specific itch, the behavioral responses (scratching) and spinal metabolites
produced by injection of a-Me-5-HT and histamine were assessed. Furthermore, the
effects of another algogenic stimulant drug, capsaicin, on the spinal metabolites were also
measured. The results indicated that NAA, GABA, glutamate, alanine, taurine, creatine,
choline, myo-inositol, aspartate, glutamine, glycine and lactate resonances were detected

in spinal tissues.

Influence of the post injection period

According to reviewer’s suggestion, another groups with different treatment period
(10min) were further added to compare the influence of the drugs on the metabolites, as
the maximum number of animal behavior of scratching/wipes would always appear
around 10min.

With the same protocol, the NMR spectra of the samples from animals with 10min
post-injection treatment were collected and the comparison of the metabolites with the
control group were conducted and shown in Table S2. The changes of the metabolites
were very similar between two different periods for the itch related drugs, such as the

17



increase of glutamate, GABA, aspartate and NAA for a-Me-5-HT, and the increase of
alanine for histamine (Table S2). Almost all the metabolites in the group of histamine
treated did not change at all in both periods. Furthermore, there are several differences
between 10min and 2h groups for a-Me-5-HT treated group, such as creatine and taurine.
The metabolites in the group of 10 min’s capsaicin-treated group had changed only
slightly, however, most of the metabolites in the group of 2h post-treated with capsaicin
had significantly changed. Thus, the relationship between the metabolites and algogenic
behavior caused by capsaicin is more complicated, and needs further investigation. Here

the relationship between different metabolites and itch related behavior was discussed.

Metabolites

Compared to the control and itch stimulation groups, the mice in a-Me-5-HT treated
group displayed a dramatic increase in the level of glutamate, GABA, glycine, and
aspartate, as well as a decrease in creatine and taurine in the Cs-Cg regions of the spinal
cord. The concentration of NAA also increased after a-Me-5-HT stimulation, especially
when compared to the algogenic stimulation group.

It has been indicated that administration of 5-HT potentiated itch sensation by
enhancing serotonergic tone [1]. A key finding of the present work was that o-Me-5-HT
stimulation increases the level of GABA in the spinal cord. There exist numerous
inhibitory interneurons in the spinal cord to regulate the transmission of itch generation
[31] and 25-40% of neurons in the spinal laminae I-11l are GABAergic neurons [32].

18



Serotonin is well-known for its ability to facilitate the transmission of descending
reticulospinal tracts and GABAergic interneurons [33]. Dergacheva et al demonstrated
that multiple applications of the 5-HT,R agonist a-Me-5-HTcaused a long-lasting
inhibition of GABAergic neurotransmission within the brainstem [3]. Akiyama et al
investigated the role of GABA in the inhibition of spinal itch-signaling neurons in the
chronic dry skin itch mouse model and found that scratch-evoked inhibition was
markedly attenuated by GABA antagonists [34], indicating that GABA-mediated
inhibition is involved in itch-signaling neurons within the spinal cord.

It has been well established fact that the intra-class correlation coefficient of the
spinal glutamine- glutamate (GABA) cycle is important in maintaining GABA
homeostasis [35, 36]. GABA is a major inhibitory neurotransmitter, whereas glutamate is
a major excitatory neurotransmitter in the spinal cord and CNS. Yan et al have reported
that the suppression of glial glutamate transporter activities results in an attenuation of
glutamate-glutamine cycle-dependent GABA synthesis [37]. Jiang et al demonstrated that
the impairment of glial glutamate transporters leads to a reduction of GABA synthesis
through the glutamate-glutamine cycle [38]. The comparison between the a-Me-5-HT
treated and control groups indicated that the a-Me-5-HT treated group had significantly
higher concentrations of GABA and glutamate. It indicated that pruritic stimulation by
a-Me-5-HT may cause an increase in the glutamate-glutamine cycle-dependent GABA

synthesis.
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Numerous pieces of evidences have demonstrated that there are large amounts of
GABA/glycinergic mixed inhibitory neurons in the deep dorsal horn of spinal cord [39,
40]. Akiyama et al found that administration of glycine antagonist into the spinal could
nearly abolish the scratch-induced inhibition to itch-evoked response (increased
spontaneous firing) [41]. Recently, research has concluded that activation of dorsal horn
glycinergic neurons could significantly reduce both chemical itch and acute pain [42]. In
the current study, glycine took part both in the process of pain and itch, and the changes
of the glycine’s concentration were inversed. The increased content of glycine might be
based on a protective feedback mechanism to resist the increased firings; on the contrary,
the decreased glycine of capsaicin group may just be helpful in the delivery of pain
signal.

The concentration of taurine decreased in a-Me-5-HT treated samples compared to
the controls. Taurine is a critical inhibitory amino acid associated with neuroprotective
actions in neural tissue [43, 44]. Terada et al showed in rat models of neuropathic pain
that intrathecal administration of taurine resulted in antinociceptive effect [45]. Tee et al
also observed that intrathecal taurine had anti-thermal hyperalgesic properties and
reduced bicuculline-induced allodynia [46]. Consistent with these findings, our result
indicated that the intradermal microinjection of «a-Me-5-HT decreased spinal
concentrations of taurine, suggesting an important role of spinal taurine during itch

proceeding.
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Results also suggest that a-Me-5-HT may cause either increased formation or
decreased degradation of NAA. NAA is synthesized by N-acetylaspartyl transferase, an
enzyme associated with the mitochondria of neurons [47]. It is generally believed that
NAA, a marker of neuro/axonal integrity is located exclusively in neurons and their
metabolic processes [25, 48]. In the previous reports, a decrease in NAA concentration
indicated neuronal dysfunction [48, 49]. Increased function of NAA in the spinal cord
after pruritic stimulation by a-Me-5-HT is one of the hypothesized mechanisms leading to
neuronal hyperexcitability.

Furthermore, another important finding was that pruritic stimulation by only
histamine increased alanine concentrations compared with the control group (2h-13.7%7,
p=0.082 and 10min-16.4%1, p=0.014). It is known that alanine plays a key role in the
glucose-alanine cycle (also known as the Cahill cycle) in tissues [50, 51]. Recent studies
have reported that intradermally injected beta-alanine elicits itch-associated behavior by
stimulating receptors expressed on small diameter fibers innervating the skin in mice [52,
53]. It was noted that beta-alanine, an MrgprD agonist, has been shown to play an
important role in the sensation of itching. This data could be discrepant with the change
of spinal alanine found in our results; differences are probably a result of the
pharmacological effects of alanine or beta-alanine. However, the concentration of alanine
in the group of a-Me-5-HT does not change significantly. Therefore, further
investigations are necessary to clarify the relationships between the changes of spinal
alanine, astrocytic involvement and the itch processes underlying different kinds of drugs
stimulation.
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In summary, the results of the current study are consistent with the hypothesis that
the mechanism behind histamine-induced itching is different from that induced by
a-Me-5-HT (histamine-independent puritogen). We speculated that the reason may be the
different phenotypes provoked by these two compounds. What a-Me-5-HT causes is a
pure itch, while histamine leads to a mixture of itching and pain-related sensations [54,
55]. Furthermore, it was evident from our results that the metabolic pattern of pain
(capsaicin group) completely differed from that of a-Me-5-HT group, which may help to
understand the mechanism of itch alleviation produced by pain stimulation (e.g. capsaicin)
[56]. However, the concrete mechanism or relationship between the changes of the

metabolites and the scratch behavior need further investigation.

Conclusions

Results of the present study indicate that proton magnetic resonance spectroscopy
was able to simultaneously detect and quantify the absolute concentrations of multiple
metabolites within the spinal cord underlying a-Me-5-HT-evoked pruritus. With the
stimulation of three different kinds of drugs, the metabolites pattern in the spinal cord
significantly differed, especially for a-Me-5-HT and capsaicin. a-Me-5-HT induces its
own changes in metabolic specific pattern in the spinal cord, even when compared to
another drug, histamine (similar effects but with different mechanism). Application of this
magnetic resonance spectroscopy technique will help further explain the
mechanism-based understanding of specific itch behavior and improve our knowledge of
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itch pathophysiology and pharmacological therapies which may contribute to itch relief.
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Figure 1: The average normalized 'H-NMR spectra of the spinal cord extracts in the control and
treated groups (a-Me-5-HT, histamine and capsaicin). Note: Lowercase, position of the
hydrogen signal which connected with the carbon position; Lac, lactate; Myo: myo-institol;
Cre, creatine; Ala, alanine; Glx, glutamine + glutamate; Gly, glycine; Asp, aspartic acid;
EtoH, ethanol; Tau, taurine; GABA, gamma amino acid butyric acid; NAA, N-aceytl

aspartate; Ace, acetate.
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Fig. 2: The scratch/wipe behavior of mice in the control, pruritus and pruritogens treated groups.

(A) Time course of scratching after injection of a-Me-5-HT (n=10), histamine(n=9) and NS

(n=9) in mice. (B) The total number of scratches during a period of 30 min after intradermal

injections. (C) Time course of scratches/wipes after injection of saline (cheek, n=4) and

capsaicin  (cheek, n=4 and nape of neck, n=6)) in mice. (D) The total number of

scratches/wipes during a period of 30 min after intradermal injections. Data is represented by

means £ SEM. **: p<0.01, ANOVA test, followed by LSD post-hoc tests.
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Table 1: The correlation coefficients of the different spinal metabolites

Lac NAA Glu GABA Gly Cre Myo Tau Cho Asp GIn Ala

Lac 1.000 0.174 0.241 0.450 0.065 -0.320 0.042 -0.341 -0.053 0.201 0.185 0.027
NAA 0.174 1.000 0.959 0.568 0.823 -0.590 0.915 -0.883 0.138 0.923 0.384 -0.638
Glu 0.241 0.959 1.000 0.602 0.756 -0.555 0.859 -0.885 0.146 0.926 0.367 -0.550
GABA 0.450 0.568 0.602 1.000 0.394 -0.720 0.432 -0.746 -0.212 0.708 0.701 -0.336
Gly 0.065 0.823 0.756 0.394 1.000 -0.604 0.867 -0.770 0.050 0.761 0.222 -0.496
Cre -0.320 -0.590 -0.555 -0.720 -0.604 1.000 -0.512 0.743 0.090 -0.610 -0.390 0.243
Myo 0.042 0.915 0.859 0.432 0.867 -0.512 1.000 -0.830 0.061 0.850 0.261 -0.687
Tau -0.341 -0.883 -0.885 -0.746 -0.770 0.743 -0.830 1.000 0.008 -0.904 -0.382 0.515
Cho -0.053 0.138 0.146 -0.212 0.050 0.090 0.061 0.008 1.000 0.034 -0.309 -0.027
Asp 0.201 0.923 0.926 0.708 0.761 -0.610 0.850 -0.904 0.034 1.000 0.519 -0.571
Gln 0.185 0.384 0.367 0.701 0.222 -0.390 0.261 -0.382 -0.309 0.519 1.000 -0.264
Ala 0.027 -0.638 -0.550 -0.336 -0.496 0.243 -0.687 0.515 -0.027 -0.571 -0.264 1.000

Note: Lac: lactate; NAA: N-acetylaspartate; Glu: glutamate; GABA: y-aminobutyric acid; Gly: glycine; Cre: creatine; Myo: myo-institol; Tau: taurine; Cho: choline;
Asp: aspartate; GIn: glutamine; Ala: alaine

37



Metabolites

GABA

W)
b VL PYAVS) B4 AW AN O
h

oM,

Interpretation
Glutamate
9
& T Statistical analysis
Histamine a-Me-5-HT Capsaicin —
" Ll A y
Itch . L Jf X"‘"“l [
- AR (eSO L 7
A ..“ " - g ol 0N — ?
Acute pain 1 Iy Legasas ‘
1w ‘w:l f o kA, M s '
> | b D |
Acute itch _),.ﬂll“»f* b ! l

'.“ui /w‘“)u B ‘,h. Jlm

1
4.0 35

3.0 20

Animal behavior ITH-NMR detection

Graphical abstract

38

1
15



Highlights

Specific pattern of metabolites under a-Me-5-HT evoked pruritus was investigated,
'H NMR method was utilized to study the change of metabolites in the spinal cord;
Normal microwave method was employed to denaturation of the enzymes in the
tissue;

Metabolic disorders is along with acute pruritic or algogenic stimulation;
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