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CSF: Cerebrospinal Fluid 

DAMGO: Tyr-D-Ala-Gly-(NMe)Phe-Gly-ol 

DH: Dorsal Horn 

DMSO: Dimethyl Sulfoxide 

DPA: Dynamic Plantar Aesthesiometer 

DRG: Dorsal Root Ganglion 

EPSP: Excitatory post synaptic potential 
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Glu: Glutamate 
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GlyR: Glycine Receptor 

GlyT: Glycine transporter 

GTP: Guanosine 5'-Triphosphate 

HPLC: High Purity Liquid Chromatography 

IASP: International Association for the Study of Pain  

IPSP: Inhibitory post synaptic potential 
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s.c.: Subcutaneous 

SNL: Sciatic Nerve Ligation 
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TCC: Transient Central Cell 

TRP: Transient receptor potential  

TRPM8: Transient receptor potential Melastatin 8  

TRPV1: Transient Receptor Potential Vanilloid1 

VC: Vertical Cell 
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1.Introduction 

 

1.1. Pain transmission 

   The negative impact of chronic pain in many medical conditions is of no dispute, yet 

its direct and indirect effects on the society regarding enforcing economic and social 

burdens makes it a multidimensional problem. Based on the definition of International 

Association for the Study of Pain (IASP), “pain is an unpleasant sensory and emotional 

experience associated with actual or potential tissue damage or described in terms of such 

damage”. Pain is categorized to acute and chronic pain. It is estimated that 20% of 

population worldwide are struggling with chronic pain condition [1, 2]. In spite of high 

level of occurrence of chronic pain, current medical and pharmacological interventions 

such as using non-steroid anti-inflammatory drugs (NSAIDs), opioids, gabapentinoids, 

Na+-channel blockers, anti-depressants (mostly serotonin and norepinephrine reuptake 

inhibitors), topical capsaicin or lidocaine, spinal injection of steroids or local anaesthetics, 

neuro-stimulation and even surgical intervention are either insufficient for overcoming 

the pain or their application is limited by their undesirable effects [3, 4]. In this regard 

investigation of novel compounds such as glycine transporter (GlyT) type 1 and 2 

inhibitors in management of neuropathic has been initiated [15, 16, 35].  

Nociceptors are sensory receptors of free nerve endings that detect mechanical, thermal 

and chemical signals occurring at the periphery. The perception of different pain 

modalities are carried out by primary sensory nerve fibers that have cell bodies located in 

the dorsal root ganglia (DRG) or in the trigeminal ganglia.  In respect to primary afferent 

(first order) pain neurons that have cell bodies located at DRG, they carry the pain from 

the periphery to  the Rexed lamina I and II in the dorsal horn (DH) of the spinal cord 

where they synapse with secondary afferent (second order) neurons. The first order pain 

neurons are either  myelinated (A-δ fibers) or unmyelinated (C fibers, polymodal-

nociceptive neurons). Next, the second order neurons transmit the pain signal through 

spinothalamic tract to the reticular formation, thalamus, and mesencephalon where the 

major process of pain perception occurs. From there, third order (tertiary) neurons branch 

more connections between lower regions and higher regions of brain such as 

somatosensory cortex. The modulation of this transmission is through spinal excitatory 
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and inhibitory interneurons and descending inhibitory pathways. The majority of spinal 

neuronal excitation is stemmed from the activity of glutamatergic neurons. Glutamatergic 

neurons by release of the neurotransmitter glutamate activate AMPA and NMDA 

receptors of post-synaptic membrane, which leads to excitatory post synaptic potential 

(EPSP). Neuronal inhibition is mostly by the activity of glycinergic, GABAergic and 

opioid neurons. The released glycine, GABA and endogenous opioid bind to their post-

synaptic receptors, namely glycine receptor (GlyR), GABA receptor and opioid receptors 

respectively, which in turn results in inhibitory post synaptic potential (IPSP) [5, 6].   

There are two types of pain regarding the transmission: the first type is the fast pain which 

is transmitted with velocity of 6 to 30 m/s. The second type is the slow type of pain with 

0.5 to 2 m/s of velocity of transmission. Fast pain is more involved in nociceptive type of 

pain where myelinated Aδ fibres are the primary neurons. The slow type of pain that is 

more involved in sensation of chronic pain and internal pain, which is transmitted 

primarily by unmyelinated C-fibres. Another type of neurons which are important 

regarding the neuropathic pain is Aβ fibres. They are myelinated and fast velocity type of 

sensory neurons which are responsible for transmission of touch and light pressure 

signals, but in pathological conditions they contribute to pain sensation [5, 7].  

 

1.2. Pain disorders  

1.2.1. Acute and inflammatory pain  

   Pain is categorized as acute and chronic. In general, acute pain is the result of 

nociception by any type of pain stimulus within a short duration of time (milliseconds 

and seconds) while chronic pain is the result of persistence of pain in longer periods of 

time. As it was discussed in previous section, the high velocity A-δ fibres are related more 

to transmission of acute type of pain while C-fibres with low velocity are more involved 

in chronic nociception. However, it is also important to note that sometimes pain have 

both fast and slow components regarding its transmission. Three types of stimuli for pain 

induction are mechanical, thermal and chemical stimuli. Mechanical stimuli can affect 

the stretch of membranes of nociceptors which causes opening of specific sodium 

channels or activation of some G-protein coupled receptors. Transient receptor potential 
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(TRP) receptor superfamily is one major type that has been studied for all three types of 

stimuli. Mechanical stimuli can be external like pressure on skin or visceral such as 

damage to periosteum. Thermal pain affects nociceptors by increase or decrease of the 

temperature beyond the physiological tolerance. One of the suggested mechanisms of 

activation of nociceptors by extreme thermal changes is the change in metabolic rate of 

cells. The TRP Vanilloid type 1 (TRPV1) receptors are important in regard to 

transduction of acute thermal pain, while TRP Melastatin 8 (TRPM8) is recognised for 

its ability of transduction of cold pain. Two-pores potassium channels (K2P) and voltage 

gated sodium channels also have been linked to sensation of thermal pain. Chemical 

induction of nociceptors is either through the activation of specific receptors by their 

agonists or direct disturbance of cellular membrane and increasing the cellular 

permeability. These chemicals can be external factors such as acids and toxins or 

endogenous substances from inflammation or damage to tissue. Inflammation leads to 

release of different types of inflammatory mediators from peripheral tissue or neurons 

themselves. Some of these inflammatory substances act as agonist for nociceptors. The 

most important noted endogenous nociceptive inflammatory factors are prostaglandins, 

leukotrienes, bradykinin, serotonin, histamine, calcitonin gene-related peptide (CGRP), 

substance P (SP), purines such as ATP, protons, free radicals, lipids, cytokines, 

chemokines, and neurotrophins such as nerve growth factor (NGF). Bradykinin is known 

for its direct effect on nociceptors for induction of pain, while prostaglandin plays a role 

in sensitization of neurons. Different compounds are being used for acute pain. NSAIDs 

by inhibition of cyclooxigenase enzyme reduce the inflammatory factors and lidocaine 

by inhibition of sodium channels reduces the pain [5, 94].  

1.2.2. Chronic neuropathic pain  

   Neuropathic pain is “pain caused by a lesion or disease of the somatosensory nervous 

system.” based on the definition provided by IASP [1]. Neuropathic pain can be generated 

as a primary condition either from a direct damage to neurons known as trauma, neuroma, 

and degeneration of neuron, or from a neurological disease (for example Guillain-Barré 

syndrome and Chronic inflammatory demyelinating polyneuropathy). It can also be 

generated as a secondary condition after diabetes, herpes zoster, cancer, chemotherapy-

induced neuropathy (platinum-, taxanes-, and vinca alkaloids-derived drugs), chronic 
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infection or after some surgeries. Neuropathic pain is characterised by spontaneous pain, 

allodynia (pain due to a stimulus that does not normally provoke pain) and hyperalgesia 

(increased pain from a stimulus that normally provokes pain) [7, 8]. In practical setting it 

means that sensation of pain after an innocuous stimuli such as fine pressure in case of 

allodynia and over sensation of pain after a noxious stimuli in case of hyperalgesia.  

The principle mechanisms that attribute to the generation of neuropathic pain rely on the 

modulations in molecular levels and neuroplasticity of neurons in periphery, CNS or both. 

An example of molecular modifications is when over-stimulation of neurons during 

chronic pain causes hypersensitivity in primary afferent nociceptive neurons after a 

phenotypic switch of some subtypes of calcium channels, sodium channels, bradykinin 

(BK) B1 receptors and capsaicin TRPV1 receptors by upregulation on myelinated 

primary sensory fibres, while B2 receptors, substance P receptors and some subtypes of 

sodium channels and opioid receptors undergo downregulation on unmyelinated primary 

sensory fibres [9]. Many studies have emphasized on the importance of neuronal 

modifications in dorsal horn (DH) of the spinal cord, the main location for the interactions 

of first order neurons (C and Aδ), second order sensory neurons and interneurons in 

Lamina I (superficial layer), II (substantia gelatinosa) and III (deep dorsal horn), and the 

location of Aβ sensory neurons and wide dynamic range (WDR) projection neurons in 

lamina III and VI (deep dorsal horn), in development of neuropathic pain [10, 11, 12]. 

Spinal inhibition in dorsal horn is achieved mostly by glycinergic and GABAergic 

interneurons. Spinal glycinergic pathway is a major player in the regulation of 

nociception in dorsal horn of the spinal cord. The concentration of glycinergic innervation 

is high in deep dorsal horn, and 75% of the inhibition in superficial dorsal horn is achieved 

through glycinergic pathway as well.  Glycinergic neurons generate IPSP on pre and post 

synaptic membranes of spinal neurons, and hence decreases the degree of pain 

transmission. In neuropathic conditions however, this regulatory mechanism is 

compromised, and it fails to establish the level of inhibition required in normal condition 

and in this way, it contributes to the development of neuropathic pain [9, 12, 13, 14]. 

One of the main explanations for development of neuropathic pain is based on the gate 

theory of pain. As it is depicted in Figure 1, spinal inhibition in dorsal horn by 

parvalbumin positive glycinergic interneurons occurs on protein kinase Cγ (PKCγ) 

expressing excitatory interneurons in lamina II, and hence it reduces the level of EPSP on 
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secondary afferent neurons. In this way glycinergic interneurons participate in reduction 

of pain signalling. On the other hand, both PKCγ and glycinergic interneurons could get 

stimulated by low-threshold mechanosensitive Aβ fibres. In neuropathic pain condition 

however, this balance is compromised by reduction in glycinergic activity and elevation 

in number and activity of PKCγ cells. These changes result in either over-stimulation of 

pain signalling or stimulation of nociceptive pathway by Aβ fibres following innocuous 

stimuli (Allodynia) [15, 16, 17, 29, 35]. 

 

Figure 1. The schematic view of neuronal connections in dorsal horn (DH) laminae I, II, and III. The Aβ 

neuron synapses on excitatory and inhibitory interneurons. The activity of excitatory PKCγ expressing 

interneuron stimulates excitatory transient central cell (TCC) which synapse to excitatory vertical cell (VC) 

and in consequence VC stimulates secondary afferent neuron (P). On the other hand, Aβ synapse on 

glycinergic cell (GC) and parvalbumin (PV) expressing glycinergic cell in which they inhibit excitatory 

interneurons. Aδ and C fibers are primary afferents which directly activate the nociceptive pathway. A 

schematic of synaptic process is presented as well. Glycinergic neuron by release of glycine activate GlyR, 

and glutamatergic neurons by release of glutamate, activate synaptic and extra -synaptic NMDA receptor 

(NMDAR). Activation of these channel-receptors opens the flow of negative and positive charge ions which 

lead to IPSP and EPSP. Bidirectional GlyT-1 on astroglial cells and unidirectional GlyT-2 on glycinergic 

neurons regulate the synaptic and extra-synaptic level of glycine [15, 35, 102, 103,104]. 
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Glycine receptors (GlyRs) are a subfamily of ionotropic receptors superfamily. The most 

occurring type of GlyR in the spinal cord is GlyRα3. At receptor level, once glycine 

release occurs the following events have been reported. It binds to GlyRs, activates them, 

and allow the entrance of Cl− to the intracellular space which in turn produce IPSP. 

Glycine also functions as the obligatory co-agonist for ionotropic NMDA receptors. Upon 

binding of glycine or D-serine simultanously with glutamate and upon the removal of 

Mg2+ from the channel, the flow of Ca2+ and Na+ to the intracellular space occures and 

consequently EPSP is developed. NMDA receptor has different isoforms. NR1/NR2 is 

the main form in spinal cord, in which three of its subtypes are more expressed in dorsal 

horn: NR2A, NR2B, and NR2D. NR1 subunit is the location for the binding of the 

obligatory co-agonist which is either glycine mostly for extra-synaptic NR1/NR2B 

subtype or D-serine mostly for synaptic NR1/NR2A subtype [19, 20, 21].   

It has been shown that following nerve injury, the level of extra-synaptic NR1/NR2B is 

up-regulated, while the synaptic NR1/NR2A either remains in the same level or it is 

down-regulated [22, 23]. This may be the consequence of over activation of central 

sensory fibres following the increase in glutamate release. The elevation of glutamate 

level causes desensitization of synaptic NR1/NR2A NMDA receptors and the spill over 

of glutamate to extra-synaptic space [27, 32, 33]. In this way, in chronic pain, the activity 

of NR1/NR2B, which is expressed highly in lamina II, is increased by the spilled overed 

glutamate to extra-synaptic area [24, 26]. Antinociception from NR1/NR2B NMDAR 

antagonists, CP-101,606 and ifenprodil in nerve injury model points to the major role of 

this sub-type of NMDA receptor in neuropathic pain [25, 34]. On the other hand, 

NR1/NR2A gene deletion did not change pain behaviours in animal neuropathic pain 

model from nerve injury, showing that this sub-type of NMDA receptor doesn’t play a 

major role in pathological over-stimulation of secondary afferent neurons. But still, the 

desensitization of post-synaptic NR1/NR2A receptors on glycinergic interneurons may 

play a part in loss of glycinergic inhibition in dorsal horn of spinal cord [25, 32, 33]. 

Following this overview, the role of glycine in over-stimulation of NMDA receptors 

during neuropathic pain comes into the focus. In chronic constriction nerve injury, 

astroglial cells become activated and lead to reverse mode of action of astroglial GlyT-1, 

which causes more release of glycine in extra-synaptic space. Also, GlyT-1 expression 

after nerve injury is increased in initial days of nerve injury but it decreases from the third 
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day, and hence the level of glycine increases. Elevation of glycine and glutamate is 

detected on day 7 and 14 following nerve injury [28, 30, 31]. 

Based on above-mentioned facts, we could rationalise that during neuropathic pain, the 

increase in spinal glutamate and glycine content, the increase in activity and expression 

of extra-synaptic NR1/NR2B NMDA receptors and the decrease in activity of synaptic 

NR1/NR2A NMDA receptors lead to the elevation in firing of excitatory glutamatergic 

interneurons and the reduction in firing of inhibitory glycinergic interneurons in dorsal 

horn of spinal cord. This imbalance between inter-neuronal excitation and inhibition is in 

favour of excitatory transmission of pain, and hence it generates neuropathic pain. In this 

regard, inhibition of glycine transporters seems to be a reasonable method to overcome 

neuropathic pain, for two reasons: First, to restore the glycine level required for recovery 

of inter-neuronal inhibition, and second, to block the glycine release to extra-synaptic 

space in order to reduce inter-neuronal excitation. Antinociceptive effects of GlyT 

inhibitors have been proven in different studies. [15, 16, 35]. 

 

1.3. Glycine transporters 

   Glycine transporters (GlyTs) belong to solute carrier 6 (SLC6) Na+-Cl−-dependent 

membrane transporter family. There are two types of glycine transporters namely, glycine 

transporter type 1 (GlyT-1) and Glycine transporter type 2 (GlyT-2). The former 

transporter is expressed highly on astroglial cells, and it is responsible for the clearance 

of glycine mostly from extra-synaptic space. On the other hand, the later transporter 

(GlyT-2) is a glycinergic pre-synaptic membrane restricted type, and it is responsible for 

the reuptake of glycine from synaptic cleft to refill the vesicles. GlyT-1 cotransports 2 

Na+ and 1 Cl− with glycine bi-directionally, whereas GlyT-2 cotransports glycine, 3 Na+ 

and 1 Cl− unidirectionally. Both types of transporters express an extracellular loop 

between third and fourth transmembrane domains. Variants of each type shows 

differences in N and C-terminals of the receptor from alternative splicing [36, 37]. The 

role of C-terminal is in trafficking and recycling of the transporter. It has been suggested 

that N-terminal is involved in reverse mode of the transporter. Beside that, N-terminal 

may play a role in stabilization of the transporter [38]. 
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Both types of glycine transporters exist in the spinal cord, brain stem and cerebellum. 

However, the GlyT-2 is more expressed in caudal areas of the brain and in the spinal cord. 

GlyT-1, beside the abovementioned locations, exist in retina, hippocampus, pre-frontal 

cortex, hypothalamus, and olfactory bulb. GlyT-1 sometimes is not in the vicinity of 

glycinergic neurons, but instead it is near NMDA receptors to play a role in regulation of 

their activity by changing the available glycine level around NMDA receptors, since 

glycine by binding to the allosteric glycine-B binding site of NMDA receptor, acts as an 

obligatory co-agonist [12, 35, 43]. In regard to differences in location and function of 

each type of glycine transporters, appearance of different phenotypes from their deletion 

is expectable. Mice lacking GlyT-1 showed reduction in muscle strength and appearance 

of respiratory dysfunction [90, 91]. Furthermore, mice lacking GlyT-2 showed tremor 

and motor dysfunction [93]. 

1.4. Glycine transporter inhibitors  

   Based on the selectivity and affinity, glycine transporter inhibitors can be divided into 

irreversible selective GlyT-1 and GlyT-2 inhibitors or  reversible and partial inhibitors of 

GlyT-1 and 2. In regard to pain research the following irreversible selective GlyT-1 

inhibitors have been thoroughly studied:  NFPS  is also known as ALX5407, Org-25935, 

bitopertin and N-ethylglycine. Irreversible GlyT-2 inhibitors such as ALX1393 and Org-

25543 were also studied in different animal pain models for their analgesic effects. 

Examples of reversible GlyT-1 inhibitor is sarcosine (N-methyl glycine), and example of 

reversible GlyT-2 inhibitor is Narachidonylglycine (NAGly) [15, 35, 51, 81].  

NFPS (N-[3-(4'-fluorophenyl)-3-(4'-phenylphenoxy)propyl]sarcosine) is a synthetic 

irreversible inhibitor of GlyT-1 with high degree of selectivity and potency (dissociation 

t1/2: 28 ± 5 min, IC50 = 3 nM for hGlyT-1). NFPS in dose of 0.3 mM has been reported to 

inhibit the glycine-induced glycine release by blockage of both direction of glycine 

movement in GlyT-1. It inhibits GlyT-1 in dose dependent manner [44, 45, 46, 72]. In 

animal pain models, systemic doses of ALX5407 (NFPS) have shown anti-hyperalgesic 

and anti-allodynic effects in a neuropathic pain animal model created by nerve 

constriction injury in rats. In this study, time and dose dependent analgesic effects were 

achieved on day 4 following treatment intiated  14 days after operation [47]. In another 

study application of NFPS (i.t.) produced acute antinociception against allodynia in mice 
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with pSNL or diabetic neuropathic pain, as well as in formalin test [48]. In regard to the 

side effects, treatment with high doses of NFPS (10-30 mg/kg i.p.) was associated with 

ataxia, akathisia, respiratory depression and coma in mice [45, 53, 77]. Another example 

for GlyT-1 inhibitors is bitopertin, which in systemic dose of 1 mg/kg its antiallodynic 

effect was proved for acute and chronic treatments in mice [75, 81]. 

Org-25543(4-benzyloxy-3,5-dimethoxy-N-[1-(dimethylaminocyclopently)-methyl] 

benzamide) is an irreversible and selective inhibitor of GlyT-2 with a high potency (IC50 

= 16 nM for hGlyT-2). It is a lipophilic compound with free penetration to CNS and high 

bonding to brain tissue with only 2% unbound compound available at initial phase after 

injection [49, 55, 56]. Org-25543 has been reported to produce analgesic effect in the 

mouse formalin test, pSNL neuropathy, diabetic neuropathy and CFA-induced 

inflammatory pain models following systemic and/or i.t. adiministartions [43, 49, 50]. 

ALX1393 (GlyT-2 inhibitor) was also shown to produce analgesic effect in the rat 

neuropathic pain model following systemic administration [50]. Indeed, severe side 

effects such as convulsions and lethality have also been associated with dose escallation  

(e.g. Org-25543 in dose of 20mg/kg i.v. in mice) [49].  

On the other hand, few studies have been conducted to assess the analgesic effect of 

reversible glycine transporter inhibitors. Sarcosine (N-methyl glycine, IC50=30–60 μM) 

is a reversible endogenous antagonist and substrate for GlyT-1 which can activate the 

reverse mode of transporter as well [30, 39, 40, 41, 42]. Systemic acute or chronic 

sarcosine has ameliorated mechanical allodynia in neuropathic rodents. Strychnine 

(GlyRα3 antagonist) treatment or knockdown of spinal GlyRα3 abolished the analgesic 

effects of sarcosine [43, 54]. A modified analogue of Org-25543 (compound 1) and 

Narachidonylglycine (NAGly), reversible GlyT-2 inhibitors, showed anti-allodynic effect 

in neuropathic rodents without side effects [49, 52]. 

The above-mentioned studies suggest that either GlyT-1 or GlyT-2 inhibitors display 

analgesic effect, however, appearance of side effects limits their clinical applicability. To  

the best of our knowledge no study has examined the analgesic effects of a combination 

of irreversible GlyT-1 and GlyT-2 inhibitors. Therefore, strategy based on the co-

administration of sub-analgesic doses of these inhibitors might increase the analgesic 

effect with possible reduced occurrence of side effects.  
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2. Objectives 

 

The aims of the study are as follows:  

1- Evaluation of antinociceptive effect of acute and chronic systemic administration 

of a reversible GlyT-1 inhibitor (sarcosine) in different pain models (acute thermal 

pain, acute inflammatory pain, and mono-neuropathic pain model).  

2- Evaluation of anti-allodynic effects of acute and chronic systemic administration 

of NFPS and Org-25543, selective and irreversible GlyT-1 and 2 inhibitors 

respectively in different doses, and the anti-allodynic effect of acute systemic co-

administration of sub-analgesic doses of both GlyT-1 and 2 inhibitors (NFPS and 

Org-25543) in mono-neuropathic pain model.  

3- Examination of motor coordination and balance following administration of 

effective analgesic doses of reversible and irreversible GlyT-1 inhibitors 

(sarcosine and NFPS) and irreversible GlyT-2 inhibitor (Org-25543), and co-

administration of sub-analgesic doses of irreversible GlyT-1 and 2 inhibitors 

(NFPS and Org-25543).  

4- Evaluation of effect of GlyT-1 inhibitors (sarcosine, NFPS, ACPPB) on the level 

of in vitro glycine release.   

5- Comparison of glycine content in cerebrospinal fluid (CSF) between sham 

operated animals and neuropathic animals treated with vehicle or sub-analgesic 

doses of NFPS and Org-25543 either separately or in combination (co-

administration). Comparison of CSF L-glutamate level between sham and 

neuropathic animals either treated with combination or with vehicle. Also, the 

comparison of glycine and L-glutamate content of spinal tissue (Lumbar 4-6) 

between neuropathic and non-neuropathic (sham) animals.  

6- Assessment of G-protein activity for all applied test compounds.  
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3. Materials and Methods   

 

3.1. Animals 

   For behavioural tests on sarcosine, male Wistar rats (250-300 g for all pain model tests 

and 170-250 for rotarod test) were obtained from the local animal house (Semmelweis 

University, Budapest, Hungary). For behavioural tests on effects of NFPS and Org-25543 

male Wistar rats (250-300 g for mono-neuropathic pain model, capillary electrophoresis 

measurements and 170-250 for rotarod test) were obtained from Toxi-Coop Zrt. 

(Budapest, Hungary). For G-protein binding assay both male and female (50-50%) Wistar 

rats (250-300 g) were received from local animal house of the Biological Research 

Centre, Hungarian Academy of Sciences (Szeged, Hungary). Animals were kept in euro-

standard cages in numbers of 4-5 animals/cage depending on the weight of animals, in a 

room of (20 ± 2°C) temperature, for 12-h/12-h of light/dark cycle in the local animal house 

of Semmelweis University, Department of Pharmacology and Pharmacotherapy 

(Budapest, Hungary). In case of G-protein binding assay animals were kept at a 

temperature-controlled room (21 ± 4°C) under a 12h/12h light and dark cycle in local 

animal house of the Biological Research Centre, Hungarian Academy of Sciences 

(Szeged, Hungary). Water and standard food were available ad libitum.       

All housing and experiments were performed in accordance with the European 

Communities Council Directives (2010/63/EU), the Hungarian Act for the Protection of 

Animals in Research (XXVIII.tv. 32.§) and local animal care committee (PEI/001/276-

4/2013 and PE/EA/619-8/2018). Experimenters put their best efforts to reduce the number 

and suffering of animals. 

 

3.2. Materials 

   Sarcosine hydrochloride was obtained from Sigma-Aldrich Ltd (Budapest, Hungary), 

and normal saline was used as its vehicle. NFPS(N-[3-([1,1-Biphenyl]-4-yloxy)-3-(4-

fluorophenyl)propyl]-N-methylglycine),Org-25543(N-[[1-(dimethylamino)cyclopentyl] 
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methyl]-3,5-dimethoxy-4-(phenylmethoxy)benzamide hydrochloride) were purchased 

from Bio-Techne R&D System Kft (Budapest, Hungary), and 20% DMSO in normal 

saline was used as the vehicle. All solutions for behavioral tests were prepared in 2.5 

ml/kg volumes. For the capillary electrophoresis analysis glycine, L-cysteic acid, HEPES, 

acetonitrile and boric acid were purchased from Sigma-Aldrich (St. Louis, MO, USA). 4-

Fluoro-7-nitrobenzofurazan (NBD-F) was obtained from Tokyo Chemical Industry 

(Tokyo, Japan) and hydroxypropylamino--cyclodextrin was provided by Cyclolab Ltd. 

(Budapest, Hungary). Ultrapure water from MilliQ Direct 8 water purification system 

(Merck Millipore, Billerica, MA, USA) was used for all experiments. 

For G-protein activity assay DMSO, Tris-HCl, EGTA, NaCl, MgCl2 x 6H2O, GDP and 

the GTP analog (GTPγS) were purchased from Sigma-Aldrich (Budapest, Hungary). Tyr-

D-Ala-Gly-(NMe)Phe-Gly-ol (DAMGO) which is a highly selective µ-opioid receptor 

(MOR) agonist enkephalin analog, was obtained from Bachem Holding AG (Budapest, 

Hungary). The radiolabelled GTP analog, [35S] GTPγS (specific activity: 1250 Ci/mmol, 

Lot: 0119) and the UltimaGoldTM MV aqueous scintillation cocktail was purchased from 

PerkinElmer (handled by Per-Form Hungaria Kft, Budapest, Hungary).  

All compounds were stored and handled as described in the product information sheets. 

 

Figure 2. Chemical structural formula s of applied compounds in this study, sarcosine (reversible GlyT-1 

inhibitor), NFPS and Org-25543 (irreversible GlyT-1 and 2 inhibitors respectively) [35].  

 

3.3. Assessment of acute thermal pain 

   To test the effects of sarcosine on acute thermal pain, tail-flick test was performed as it 

was described before [61]. In this model a beam of light was focused on the dorsal root 

of the tail of the rat, and when the rat flicked the tail, the time latency in seconds (s) was 
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written. To avoid damage, 8 seconds cut-off was considered. The anti-nociceptive effect 

was calculated as a percentage of baseline values (see the formula below). The arbitrary 

cut-off time was two times of the baseline. The test was performed for the morning doses 

of sarcosine (500 mg/kg and 1000 mg/kg s.c.) or saline after acute or on day 4 and 8 of 

chronic treatment (2 times a day for 8 days). In each test, measurements were performed 

before (baseline, shown as 0' in figures) and after the treatment in time-points of 30', 60', 

120', and 180'. Since the acute pain was the objective of this investigation, a broad range 

of time was considered for chronic treatment. 

 

3.4. Assessment of acute inflammatory pain  

   For the assessment of acute inflammatory pain formalin test was used as explained 

previously [62, 63]. Animals were treated with sarcosine (500 mg/kg s.c.) or saline, and 

15' and 180' after treatment, formalin (2.5%, 20 μL i.pl.) was injected into the right hind 

paws and animals were placed in a glass box and immediately the number of nociceptive 

reactions (flinching, licking, elevating of right paws) were measured for each five minutes 

until 60 minutes. There are two phases of pain induction in formalin test. Phase 1 is the 

first 10 minutes after the injection of formalin, which is related to the induction of acute 

pain, and phase 2 is from 10 minutes to about 60 minutes from injection of formalin, 

which is the consequence of inflammation [64]. To check the chronic effect of sarcosine 

on acute inflammatory pain a separate group of animals were treated with sarcosine (500 

mg/kg s.c.) or saline two times a day and following the morning dose of day 4 the formalin 

test was performed (formalin injection 180' after injection of sarcosine) in the same way. 

 

3.5. Assessment of neuropathic pain  

   To induce the mono-neuropathic pain, partial sciatic nerve ligation (pSNL) method was 

used. In this method based on the Seltzer nerve ligation method, as described before [58, 

59], animals undergone anesthesia with 60 mg/kg (i.p.) pentobarbital (in a 2.5 ml/kg 

volume) and then they were placed on a heating pad (set to 30°C), and under aseptic 

Analgesia (%) = 
Latency  after  treatment −𝐿𝑎𝑡𝑒𝑛𝑐𝑦  𝑏𝑒𝑓𝑜𝑟𝑒  𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡

𝐿𝑎𝑡𝑒𝑛𝑐𝑦  𝑏𝑒𝑓𝑜𝑟𝑒  𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡
x 100 
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conditions the surgery was performed. In this method, sciatic nerve of right leg after 

exposure (without any muscle damage) at the thigh-high level was tightly ligated with an 

8-0 silicon-treated silk suture to trap the dorsal 1/3-1/2 of the nerve thickness. The wound 

was closed with 2 stiches. In case of sham animals, which represented the absolute control 

for evaluation of neuropathy development, the nerve was exposed without any ligation. 

Right legs were the operated side (neuropathic leg, shown as R in figures), and left legs 

were the unoperated side (healthy leg, shown as L in figures). 

To assess mechanical allodynia, paw withdraw threshold (PWT) was measured in grams 

(g) by DPA (dynamic plantar aesthesiometer 37450; Ugo Basil, Italy). The method of 

measurement is a modified electronic Von-Frey model based on previous publication, 

[59, 60] after 5 minutes of habituation of animals in cages of instrument, the centres of 

paws alternately (right and left) were pressed by a metal filament of 0.5 mm diameter in 

the instruments, with a force rising from 1 to 50 g (50 g represented the cut-off value) 

based on the manufacturer’s guidelines. Each paw was measured three times in each trial 

and the averages were used for further analysis. Animals were tested before the surgery 

and 7 and 14 days after the operation, to evaluate the pain progression. Those animals 

with 20% reduction in the PWT of operated right paws in comparison to the healthy left 

paws were chosen for further use in the main experiment. Lack of development of pain 

in sham operated group proved the correctness of pSNL operation. 

In the morning of day 1 of the main experiment (14 days after operation), after baseline 

measurement (shown as 0' in figures) animals were injected subcutaneously by 

compounds (sarcosine, NFPS and/or Org-25543) or their vehicles, and then PWT values 

were measured by DPA at 30', 60' and 180' post-treatment. In case of chronic test, 

treatments were continued (twice a day for sarcosine and once a day for NFPS and Org-

25543) in subsequent days and the measurement was repeated for the morning doses of 

day 4 and 6 (17th and 19th day from operation, respectively) in the same manner.  

Treatments of compounds were as follows: sarcosine (500 and 1000 mg/kg s.c.), NFPS 

(1, 2 and 4 mg/kg, s.c.), Org-25543 (2 and 4 mg/kg, s.c.), co-administration of NFPS (1 

mg/kg s.c.) and Org-25543 (2 mg/kg s.c.), versus their vehicles (normal saline for 

sarcosine and 20%DMSO for NFPS and Org-25543). Tests for chronic treatments were 
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performed on both doses of sarcosine and low doses of other compounds (NFPS 1 mg/kg, 

Org-25543 2 mg/kg s.c.). Figure 3 presents a schematic depiction for this protocol.  

 

Figure 3. Schematic representation of the experimental protocol for the assessment of allodynia  by DPA 

on pSNL operated animals. After operation, a pilot DPA test was performed to evaluate the pain 

progression 7 days after operation. 14 days after operation, those animals which developed neuropathic 

pain were considered for the experiment with the acute treatment with compounds (day 1 of treatment). 

Tests on chronic treatments were on day 4 and 6 for morning doses. The method of measurement of paw 

withdraw threshold (PWT) was with DPA (Dynamic plantar aesthesiometer) in grams to assess allodynia  

before treatment (baseline, shown as 0') and at different time points after the treatment (30 ',60' and 180'). 

 

3.6. Assessment of motor coordination and balance 

   In this study, the effect of compounds on motor coordination and balance was evaluated 

by rotarod test (Rat rotarod, Model 7750; Ugo Basile). The method of measurement was 

based on previous descriptions [65] and the information sheet of the instrument, with 

some modifications. In this method animals were located on the rotating cylinder of the 

instrument and the fall-off time (time latency) was noted in seconds. The speed of rotation 

was 16 rpm and cut-off time was 180 seconds. Animals were trained one day before the 

experiment, and on the next day they were tested at different time points after treatment 

(based on peak effects of each compound in DPA test) for the morning doses and fall-off 

times were captured. Sarcosine (500 and 1000 mg/kg s.c.) versus vehicle was tested at 60' 
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for dose 500 mg/kg and at 180' for dose 1000 mg/kg after acute treatment and on day 4 

of the chronic treatment (2 times a day for 4 days). NFPS (2 and 4 mg/kg s.c.), Org-25543 

(4 mg/kg s.c.), and the co-administration of their sub-analgesic doses (NFPS 1 mg/kg and 

Org-25543 2 mg/kg s.c.) versus vehicle were assessed at 180' post-treatment. In a separate 

test, NFPS (4 mg/kg s.c.) and Org-25543 (4 mg/kg s.c.) were measured at 60' post-

treatment as well. morphine (6.4 mg/kg s.c.) was tested at the time of its peak effect (30' 

post-treatment) taken as the positive control for the method.  

 

3.7. Assessment of glycine release  

   Glycine release was evaluated based on previous descriptions [46]. Rats were 

decapitated under anaesthetic conditions with isoflurane gas and brain tissues were 

collected. Hippocampus slices in range of 350 mm thick were prepared using a McIlwain 

tissue chopper (The Mickie Laboratory Engineering, Gomshall, UK). Then samples were 

placed in ice-cold Krebs–bicarbonate buffer, pH 7.4 with the following composition (in 

mM): NaCl 118, KCl 4.7, CaCl2 1.25, NaH2PO4 1.2, MgCl2 1.2, NaHCO3 25, glucose 

11.5, under continuous gas exposure (95% O2/5% CO2). After the incubation of samples 

with [3H]glycine (10 μCi/ml) in Krebs–bicarbonate buffer for 30 minutes at 37°C, the 

tissues were transferred into low volume (0.3 ml) superfusion chambers (Experimetria, 

Budapest, Hungary) and superfused with aerated and preheated (37°C) Krebs–

bicarbonate buffer. The flow rate was kept at 1 ml/min by a Gilson multichannel 

peristaltic pump (type M312, Villiers-Le-Bel, France). The superfusate of the first hour 

was discarded and then 22 samples of three-minute fractions were collected by a Gilson 

multichannel fraction collector (type FC-2038, Middleton, WI, USA). From the tenth 

fraction, GlyT1 inhibitors were added and maintained throughout the experiment. 

Following the superfusion, tissues were collected from the superfusion chambers, 

homogenized, and an aliquot was prepared to determine its radioactivity. To measure the 

radioactivity released from the tissues, superfusates were mixed with liquid scintillation 

reagent (Optifluor, Packard, Groningen, The Netherlands) and submitted to liquid 

scintillation spectrometry. The [3H]glycine efflux was presented as a fractional rate i.e. 

as a percentage of the amount of radioactivity in the tissue at the time the release was 

assessed, as it was described in previous work [101]. A computer program (Quattro Pro) 
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for estimation of fractional rate of [3H]glycine efflux was applied. GlyT-1 inhibitors, 

sarcosine, ACPPB ((S)-2-amino-6-chloro-N-(1-(4-phenyl-1-(propylsulfonyl)piperidin-4-

yl)ethyl)benzamide) and NFPS were investigated.  

 

3.8. Assessment of glycine and glutamate content of 

cerebrospinal fluid and spinal cord 

   To evaluate the level of glycine and L-glutamate, capillary electrophoresis-laser 

induced fluorescence measurement was performed on samples from neuropathic and 

sham operated animals. Protocol of induction of neuropathic pain in animals and 

treatments (NFPS 1 mg/kg, Org-25543 2 mg/kg, and their co-administration or vehicle) 

was based on the protocol used in mono-neuropathic pain model (Figure 3). Animals 

underwent pSNL operation and after 14 days they were evaluated by DPA test before 

treatment. Neuropathic animals were treated with compounds and at 180' post-treatment 

the procedure of CSF sampling was performed. Animals were anaesthetised under 

isoflurane gas and their CSF was collected from cisterna magna by puncturing with a 

needle attached to a butterfly collecting tube. Bloodless samples were centrifuged at 

2000g, 4°C for 10 minutes and stored in -80°C for further process. Following the CSF 

sampling, animals were sacrificed by decapitation and spinal cord was isolated with water 

pressure by hydraulic extrusion method [67]. The lumbar 4-6 ipsi- and contra-lateral sides 

were collected and frozen immediately and stored in -80°C for later.    

The method for glycine and glutamate measurement developed previously by Department 

of Pharmacodynamics of Semmelweis University with some modifications [66]. For the 

measurements, spinal cord samples were homogenized for 20 seconds in acetonitrile-

distilled water solution (2:1 v/v; 20 µl/mg tissue) by sonication, and then they were 

centrifuged at 20000g for 10 minutes at 4°C to remove precipitated proteins. The collected 

CSF samples were deproteinized by adding 2 volumes of pure acetonitrile and they were 

centrifuged at 20000g for 10 minutes at 4°C temperature. Supernatants of these samples 

were taken and diluted five times with acetonitrile-distilled water solution (2:1; v/v) and 

the derivatization with NBD-F (1 mg/mL final concentration) applied for them in 20 mM 

borate buffer pH 8.5 for 20 minutes at 65°C where 5 µM L-cysteic acid was the internal 
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standard. Measurement of derivatized samples performed by a P/ACE MDQ Plus 

capillary electrophoresis system coupled with laser induced fluorescence detector 

equipped with a laser source of excitation and emission wavelengths of 488 and 520 nm, 

respectively (SCIEX, Framingham, MA, USA). Polyacrylamide coated fused silica 

capillaries (i.d.: 75 µm, effective/total length: 50/60 cm) using 50 mM HEPES buffer pH 

7.0 containing 6 mM hydroxypropylamino--cyclodextrin at 15°C by -30 kV constant 

voltage were used for the separation. 

 

3.9. Assessment of G-Protein activity 

   For the preparation of spinal cord membranes, animals were decapitated under 

anaesthetic conditions and their spinal cords were isolated and membrane preparation was 

performed as it was described in another study [68] Briefly, samples were homogenized 

in ice-cold TEM containing 50 mM Tris-HCl, 1 mM EGTA, 3 mM MgCl2, 100 mM NaCl 

with a Teflon-glass homogenizer. The centrifugation of the homogenate was at 18000 

rpm for 20 minutes at 4°C and supernatant was thrown away and the pellet was again 

incubated at 37°C for 30 minutes in a shaking water-bath. Next, the repetition of the 

centrifugation in the same manner was performed. The final pellet was poured in ice-cold 

TEM pH 7.4 (50 mM Tris-HCl, 1 mM EGTA, 3 mM MgCl2, 100 mM NaCl) buffer and 

kept at -80°C temperature. The protein level of the prepared membrane was assessed by 

Bradford BSA method and it was used as standard [69]. 

The functional [35S]GTPγS binding assay is when the GDP → GTP exchange of the Gαi/o 

protein is measured in the presence of a given ligand. The nucleotide exchange was 

detected by the radioactive non-hydrolysable GTP analogue, [35S]GTPγS. The functional 

[35S]GTPγS binding assay was based on a previously described method [70, 71], with 

some modifications. Briefly, incubation of membrane homogenates were performed at 

30°C for 60 minutes in TEM buffer (pH 7.4, 50 mM Tris-HCl, 1 mM EGTA, 3 mM 

MgCl2, 100 mM NaCl), containing 20 MBq/0.05 ml [35S]GTPγS (0.05 nM) and any of 

GlyT inhibitors (sarcosine 1 mM and 1 M, NFPS and Org-25543 each in increasing 

concentrations of 0.1 µM, 1 µM, 10 µM and their combination in concentration of 10 

µM) or DAMGO (in concentration of 10 µM) or 20%DMSO. The measurement was in 
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the excess of GDP (30 µM) in a final volume of 1mL. Total binding was measured without 

compounds of study. Non-specific binding was assessed in the presence of 10 µM 

unlabeled GTPγS and subtracted from total binding to yield the basal activity. To 

terminate the reaction, rapid filtration under vacuum (Brandel M24R Cell Harvester) and 

washing three times with 5 mL ice-cold 50 mM Tris-HCl (pH 7.4) buffer through 

Whatman GF/B glass fibers were applied. Then filters were measured for the level of 

their radioactivity in UltimaGoldTM MV aqueous scintillation cocktail with Packard 

Tricarb 2300TR liquid scintillation counter. Experiments of binding assay were 

performed in triplicates. Each experiment repeated at least three times. 

 

3.10. Statistical analysis 

   Statistical analysis and fitting of the graphs were performed by professional software 

GraphPad Prism 6.0 (GraphPad Software Inc., San Diego, CA, USA). Data were 

presented as ± SEM value. Normality tests were performed for relevant data. Tow-way 

ANOVA (comparison of two factors) was applied for data analysis of DPA tests, tail-

flick tests, and glycine release experiment. One-way ANOVA (comparison of one factor) 

was considered for data analysis of formalin tests, rotarod tests of NFPS, Org-25543 and 

their combination, G-protein activity assay and capillary electrophoresis experiments. 

Rotarod tests on sarcosine and morphine (comparison of 2 columns) were evaluated by   

t-test (and nonparametric tests). Vehicle treated animals were considered as control for 

their corresponding compound-treated groups for in vivo studies. The control group for 

capillary electrophoresis experiment was the sham group. In case of G-protein activity 

assay data were normalized to basal activity level (100%) in percentage. Glycine releases 

were compared to levels before incubation of test compounds. For all statistics of in vivo, 

Newman-Keuls post-hoc test was applied, except for comparison of baselines of chronic 

sarcosine (Fisher's LSD test) and for sarcosine and morphine rotarod tests (Kolmogorov-

Smirnov test). For capillary electrophoresis Holm–Sidak, and for G-protein activity assay 

and glycine release experiments Dunnett's multiple comparisons post-hoc tests were 

applied. The difference between the compound-treated groups and control groups were 

considered significant (indicated by asterisk *) if P value was less than 0.05. 
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4. Results 

4.1. Sarcosine shows analgesic effect after chronic treatment 

in acute thermal pain model 

   The effects of sarcosine on acute thermal pain were evaluated by tail-flick test. Results 

of acute test and test on day 4 did not show any significant antinociceptive effect. 

However, on day 8 the dose 1000 mg/kg showed analgesic effect at 60' and afterward. 

(Figure 4C, n=4-5 mean difference of 60': 33.02±14.57 F: 3.526 P<0.05). The trend of 

baselines of treatment days indicated a decrease in pain sensitivity on day 8 for the higher 

dose (Figure 4D, n=4-5, Mean difference: 46.02±11.88 F: 6.513 P<0.01).  

 

Figure 4. The antinociceptive effect of sarcosine (500 and 1000 mg/kg s.c.) in rat tail-flick test. A) Acute 

treatment B) Day 4 of chronic treatment C) Day 8 of chronic treatment D) Comparison of baseline values 

of all tests (as percentage of control). Statistical analysis: n=4-5 Two-way ANOVA, Newman–Keuls post-

hoc test, values are presented as means ± S.E.M *: p<0.05, **: p<0.01 
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4.2. Sarcosine has no impact in acute inflammatory pain 

evoked by formalin 

   Effects of sarcosine on acute inflammatory type of pain was assessed by formalin test. 

In phase 2 when formalin injection was 15' after sarcosine (500mg/kg) treatment, the 

number of behavioural events increased compared to the control (Figure 5A, n=5 mean 

difference:105.4±31.43 F: 109.7 P<0.01) indicating a pro-nociception. However, when 

formalin injection was applied 180' post-treatment the pro-nociception was absent. Four 

days of chronic treatment did not show any effect.  

 

Figure 5. The level of nociceptive behavioural events in formalin test (phase 1 is acute pain and phase 2 is 

inflammatory pain). A) Test started 15' after sarcosine (500 mg/kg). B) Test started 180' after sarcosine 

(500 mg/kg). C) Day 4 of chronic treatment, test started 180' after sarcosine. Statistical analysis: n=5 One-

way ANOVA, Newman–Keuls post-hoc test, values are presented as means ± S.E.M **: p<0.01 
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4.3. Sarcosine shows dose related anti-allodynic effect in 

mono-neuropathic pain model 

   The DPA values of paw withdraw threshold (PWT) for 500 and 1000 mg/kg s.c. acute 

doses of sarcosine on pSNL operated animals showed anti-allodynic effect in both doses. 

However, the effect of sarcosine 500 mg/kg which showed significant effect after 30' and 

peaked at 60' (Figure 6A, n=4-5, mean difference: 19.87±3.783 F: 4.156 P<0.0001) was 

higher than the peak effect of dose 1000 mg/kg at 30' (Figure 6B, n=4-5, mean difference: 

12.92±3.566 F: 4.156 P<0.01). Afterwards, treatments were continued 2 times a day for 

6 days and allodynia was assessed after the morning doses of day 4 and 6. Result from 

day 4 showed significantly higher anti-allodynic effect at dose 500 mg/kg with a peak-

effect at 60' (Figure 7A, n=4-5, mean difference:12.57±3.508 F: 0.7595 P<0.01) in 

comparison to dose 1000 mg/kg which had a mild anti-allodynic effect at 30' and 180' 

post-treatment (Figure 7B, n=4-5, mean difference: 9.754±3.308 F: 0.7595 P<0.05). On 

day 6 however, just the lower dose produced anti-allodynia with a peak-effect at 60' 

(Figure 7C, n=4-5, mean difference: 21.53±4.166 F: 2.484 P<0.0001). In case of baseline 

values, chronic treatment for the group treated with the lower dose (500 mg/kg) showed 

a significant elevation on day 4 (Figure 8A, n=4-5, mean difference: 6.526±3.164 F:16.64 

P<0.05) and on day 6. The higher dose (1000 mg/kg) did not show such effect. 

Figure 6. The PWT(g) for healthy (L, left) and neuropathic (R, right) legs of pSNL operated neuropathic 

rats, before treatment (baseline: 0') and after treatment: A) Sarcosine 500 mg/kg (s.c.) B) Sarcosine 1000 

mg/kg (s.c.), both in comparison to vehicle treated group. Statistical analysis: (n = 4-5) Two-way ANOVA, 

Newman–Keuls post-hoc test, values are presented as means ± S.E.M *:p<0.05, **:p<0.01, ****:p<0.0001 
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Figure 7. PWT(g) values of healthy (L, left) and neuropathic (R, right) legs of pSNL operated rats after 

chronic treatment A) Day 4 of sarcosine 500 mg/kg(s.c.) B) Day 4 of sarcosine 1000 mg/kg (s.c.) C) Day 

6 of sarcosine 500 mg/kg (s.c.). D) Day 6 of sarcosine 1000 mg/kg (s.c.). Statistical analysis: (n:4-5) Two-

way ANOVA, Newman–Keuls post-hoc test, values in means ± S.E.M *:p<0.05, **:p<0.01 ****:p<0.0001 

Figure 8. The PWT in grams of healthy (L, left) and neuropathic (R, right) legs of pSNL operated rats for 

baseline values of DPA tests before operation (shown as Pre-SNL) and in different days of chronic 

treatment: A) Sarcosine 500 mg/kg (s.c.) B) Sarcosine 1000 mg/kg (s.c.), both in comparison to vehicle. 

Statistical analysis: (n = 4-5) Two-way ANOVA, values in means ± S.E.M, Fisher's LSD test *: p<0.05 
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4.4. NFPS shows time lag and dose dependent effect in mono-

neuropathic pain model 

   After acute treatment with 3 doses of NFPS (1, 2 and 4 mg/kg s.c.) on mono-neuropathic 

animals, it was observed that the low doses of 1 and 2 mg/kg were ineffective on mono-

neuropathic pain compared to vehicle treated group. However, the higher dose (4 mg/kg) 

raised the PWT values significantly after 30' and 60' (Figure 9C, 30': n=5 mean 

difference:12.79± 2.809 F: 2.518, p<0.0001) compared to control. Treatment of dose 1 

mg/kg continued once a day for 6 days and on day 4 baseline of PWT increased 

significantly which raised even further on day 6 (Figure 9D, day 6: n=5 mean 

difference:13.29±2.885 F: 0.3925, p<0.0001) indicating its chronic effect. 

Figure 9. PWT in grams, of healthy (L, left) and neuropathic (R, right) legs of pSNL operated rats, before 

(baseline, shown as 0') and after administration of NFPS in different doses. A) Acute NFPS 1 mg/kg(s.c.) 

B) Acute NFPS 2 mg/kg(s.c.) C) Acute NFPS 4 mg/kg(s.c.) D) Comparison of baseline values of PWT(g) 

in different days of chronic treatment with NFPS 1 mg/kg(s.c.) Statistical analysis: two-way ANOVA, 

Newman–Keuls post-hoc test. Values are presented as means ± S.E.M, **: p<0.01, ****: p<0.0001 
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4.5. Org-25543 shows dose dependent effect in mono- 

neuropathic pain model 

   In the DPA experiment with Org-25543 two doses of 2 and 4 mg/kg s.c. were examined 

on mono-neuropathic model in acute and chronic treatment conditions. The lower dose 

was ineffective in acute test, but the PWT values for the higher dose were increased and 

reached a significant difference compared to the control at 60' post-treatments (Figure 

10B, n=5 mean difference: 7.705±2.933 F: 1.644, p<0.01) which subsided later at 180'. 

Further on, the dose 2 mg/kg s.c. was administered once a day chronically and baseline 

values of days 1, 4 and 6 were compared but no significant differences were observed.

Figure 10. The PWT in grams, of healthy (L, left) and neuropathic (R, right) legs of pSNL operated rats, 

before (baseline, shown as 0') and after administration of  Org-25543 in different doses. A) Acute Org-

25543 2 mg/kg(s.c.) B) Acute Org-25543 4 mg/kg(s.c.) C) Comparison of baseline values of PWT(g) in 

different days of chronic treatment with Org-25543 2 mg/kg(s.c.) Statistical analysis: two-way ANOVA, 

Newman–Keuls post-hoc test. Values are presented as means ± S.E.M, **: p<0.01  
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4.6. Co-administered NFPS and Org-25543 shows augmented 

anti-allodynic effect in mono-neuropathic pain model 

   Finally, the acute co-administration of NFPS and Org-25543, GlyT-1 and 2 inhibitors 

respectively, in low and sub-analgesic doses was examined in DPA test. The systemic co-

administration of NFPS 1 mg/kg and Org-25543 2 mg/kg displayed a significant anti-

allodynic effect at 60' post-treatment and the effect was further increased at 180' post-

treatment (Figure 11, 60': n = 4-5 mean difference:10.04± 3.371 F: 0.1225 p< 0.01). 

Additionally, this effect was at similar level to the higher dose of NFPS (4 mg/kg).  

Figure 11. The PWT(g) of healthy (L, left) and neuropathic (R, right) legs of pSNL operated rats, before 

(baseline: 0') and after co-administration of sub-analgesic doses of NFPS (1 mg/kg s.c.) and Org-25543 (2 

mg/kg s.c.) in comparison to vehicle treated group. Statistical analysis: two-way ANOVA, Newman–

Keuls post-hoc test. Values are presented as means ± S.E.M, **: p<0.01 ****: p<0.0001 
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at their peak effect times (60' and 180' post-treatment for doses of 500 and 1000 mg/kg 

respectively) following acute or chronic treatments (Figure 12). Application of systemic 

high dose (4 mg/kg) of NFPS and Org-25543 also did not disturb motor function at their 

peak effect time of 60' post-treatment (Figure 13B). Similar results were observed 

following the systemic treatment of NFPS (2 and 4 mg/kg), Org-25543 (4 mg/kg) or their 

co-administration of sub-analgesic doses (NFPS 1 mg/kg and Org-25543 2 mg/kg) as well 

as the vehicle treated group (20%DMSO) at 180' (Figure 13A). Morphine group at dose 

6.4 mg/kg s.c. displayed a significant reduction in time latency, thus morphine reduced 

motor functions at its time of peak-effect (30' post-treatment) in comparison to its vehicle 

group (saline 2.5 ml/kg) (Figure 12E). Morphine treatment represented an adequate 

positive control for rotarod experiments.  

Figure 12. Result of rotarod test for evaluating motor coordination and balance. Comparison of time 

latencies (sec) from rotarod tests. A) Acute treatment with sarcosine (500 mg/kg s.c.), test at 60'. B) Acute 

treatment with sarcosine (1000 mg/kg), test at180'. C) Day 6 of chronic treatment with sarcosine (500 

mg/kg s.c.), test for morning dose at 60'. D) Day 6 of chronic treatment with sarcosine (1000 mg/kg s.c.), 

test for morning dose at 180'. E) Acute treatment with morphine (6.4 mg/kg, s.c.), test at 30'. All groups 

were compared to control group (saline 2.5 mg/kg s.c.). Statistical analysis: n= 6-7 t-Test (nonparametric 

tests) with Kolmogorov-Smirnov test, Values are presented as means ± S.E.M **: p<0.01  
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Figure 13. Result of rotarod test for evaluating motor coordination. Comparison of time latencies (sec) 

from rotarod tests. A) Acute systemic treatments with NFPS (2 and 4 mg/kg), Org-25543 (4 mg/kg), Co-

administration (combination) of NFPS (1 mg/kg) and Org-25543 (2 mg/kg). n=5-6 B) Acute systemic 

treatments with NFPS (4 mg/kg) and Org-25543 (4 mg/kg) n=4. Statistical analysis: one-way ANOVA, 

Newman–Keuls post-hoc test, Values are presented as means ± S.E.M 
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4.8. Sarcosine increases glycine release 

   Application of sarcosine (3 and 30 mmol/L), ACPPB (1 μmol/L) and NFPS (0.1 

mmol/L) in isolated hippocampus tissue of rats showed that sarcosine increased the 

[3H]glycine efflux (over 50% increase) while the other chemicals (ACPPB and NFPS) 

did not show this change. Co-application of sarcosine and ACPPB however, subsided the 

increased glycine release by sarcosine (Figure 14).  

 

 

 

Figure 14. Release experiment with [3H]glycine in rat hippocampus slices. A) Sarcosine (3 mmol/L) and 

ACPPB (1 μmol/L) applied separately B) Applied sarcosine and ACPPB in combination, in comparison to 

single dose of sarcosine. C) Sarcosine (30 mmol/L) and NFPS (0.1 mmol/L) applied separately. Data are 

shown as the mean ± S.E.M., n=4 
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4.9. Combination of NFPS and Org-25543 enhances glycine 

content of cerebrospinal fluid 

   The CSF level of both L-glutamate and glycine was increased in neuropathic animals 

(vehicle treated), but this increase was significant just for L-glutamate content (Figure 

15A, 15B: means 159.3% ± 23.28% and 158.4% ±9.21% vs.100% ±16.08%, vehicle: n = 

4, combination: n = 5, sham: n = 7, F(2, 13) = 4.639, p < 0.05, one-way ANOVA, Holm–

Sidak post-hoc test).  

Co-administration (combination) of systemic low doses of NFPS and Org-25543 (NFPS 

1 mg/kg and Org-25543 2 mg/kg) did not change the glutamate levels, but it increased 

the CSF glycine levels significantly (Figure 15A: means 195.9% ±35.32% vs. 100% 

±11.55%, combination: n = 9, sham: n = 11; F = 2.722, p < 0.01, one-way ANOVA, 

Holm–Sidak post-hoc test). Additionally, none of the applied single doses showed such 

level of increase. The measurements on spinal tissue did  not show any statistical 

difference in glycine or glutamate content in sham and neuropathic (vehicle treated) 

animals for ipsi-lateral (operated side) and contra-lateral (unoperated side) of the spinal 

cord (Figure 15C, 15D).   
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Figure 15. Capillary electrophoresis measurements of glycine and L-glutamate content in CSF n=4-7 (A,B ) 

and in spinal cord L-4-6 ipsi- and contra-lateral side n=9-11 (C,D) obtained 14 days after pSNL operation 

from sham or neuropathic animals of any of acute treatment groups of NFPS (1 mg/kg s.c.), Org-25543 (2 

mg/kg s.c.) or their co-administration (combination) and the vehicle (20%DMSO). Concentration levels 

were normalized to sham and shown in percentage. Columns represent the given amino acid content in % 

± S.E.M. in the indicated groups. asterisk: marks the significant differences compared to sham group (one-

way ANOVA, Holm–Sidak post-hoc test; **: p < 0.01, *: p < 0.05). 
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4.10. GlyT inhibitors or their combinations failed to activate 

Gαi/o-protein coupled receptors 

   Except for the result of the µ-opioid receptor agonist DAMGO (Figure 16A: 140.3% ± 

1.58% vs. 100%, DAMGO: n = 4, basal: n = 6, DF = 42, p < 0.001) which was considered 

as the positive control, all other test compounds in any of applied concentrations failed to 

stimulate the Gi/o -protein activity significantly over the basal level (100%) (Figure 16).  

 

Figure 16. The impact of glycine transporter inhibitors NFPS and Org-25543 (A) and sarcosine (B) 

compared to DAMGO, a μ-opioid receptor agonist as positive control (A) on G-protein activity in the rat 

spinal cord membranes. Compounds were added in the indicated concentrations. For comparison, vehicle 

(DMSO 20%) was also measured. Columns represent the means ± S.E.M. of the specific binding of 

[35S]GTPS normalized to basal activity (100%). asterisk: indicates the significant alteration  compared to 

basal activity (one-way ANOVA followed by a Dunnett0s multiple comparison test ***:  P < 0.001). All 

experiments were repeated at least 3 times, using 3 parallels. 
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5. Discussion 

 

   There are many ongoing research and studies to find better solutions for the 

management of neuropathic pain, however, most of the available treatment approaches to 

cure this pain condition are not enough effective or sometimes they are effective but 

limited by their side effects. Thus, the lack of ideal treatment approach to control this 

condition has opened  a further research path to find novel pharmacological targets such 

as glycine transporters among others. Pre-clinical studies on inhibitors of glycine 

transporters have reported on the beneficial effects of these compounds in the 

management of neuropathic pain, however some disadvantages were raised such as 

respiratory and motor dysfunctions [77].  

The currentely available analgesics have different mechanisms of action that interfere 

with pain transduction, transmission, modulation and perception.  Neurotransmitters that 

commonly participate in the pain ascending pathway within the spinal cord are either 

excitatory such as glutamate and substance P or inhibitory such as gamma-aminobutyric 

acid (GABA) and glycine. In addition, endogenous opioids, norepinephrine, serotonin 

and dopamine are also involved in nociception. Spinal cord dorsal part is a crucial point 

in pain pathway toward the brain. In this part the central ends of primary afferent neurons 

(Aβ, Aδ and C) which differ in myelination are terminated. The myelinated Aβ fibers 

process non-noxious mechanical (superficial light touch and pressure) sensory inputs and 

project into laminae II and III of the dorsal horn. The central terminals of Aβ fibers 

operate with glutamate as a neurotransmitter and establish synaptic connections with a 

number of excitatory and inhibitory interneurons at the spinal dorsal horn. In addition, 

the site of these inter-neuronal interactions is dominantly in lamina II and III of spinal 

cord [6, 73]. In this part, as mentioned above inhibition is mediated predominantly by 

GABAergic and glycinergic interneurons, while the excitatory transmission mediated  by 

glutamatergic interneurons. In non-pathological condition the balance between inhibitory 

and excitatory inter-neuronal activities keeps the pain sensations in normal ranges, but in 

neuropathic pain condition this balance is changed in favour of final over-excitation of 

secondary afferent neurons that results in allodynia (perception of pain from innocuous 
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stimulus) and hyperalgesia (perception of pain with higher intensity than its normal 

range). One of a possible explainations for this imbalance might be the loss of glycinergic 

inhibitory interneurons in laminae II and III [13, 30, 74, 75]. In this regard, potentiation 

of glycinergic pathway by application of glycine transporter inhibitors is a valid approach 

to reduce the pain, but observation of motor and respiratory side effects from 

administration of higher doses of more potent and selective compounds, which are mostly 

irreversible inhibitors with high lipophilicity, have brought an objection for clinical 

studies [35, 77]. 

The work in the present thesis was focused on the analgesic effect of GlyT inhibitors 

following acute and chronic treatments. In this respect, the question was raised whether 

or not treatment with GlyT-1 inhibitors can alleviate pain of different entities, naimely 

thermal, inflammatory and particaularly neuropathic pain in animal pain models of acute 

and chronic characters. To do that, we have chosen the rat tail-flick test, formalin test and 

sciatic nerve ligation-induced neuropathic pain model. 

Thermal pain models such as tail-flick test are used to assess acute thermal pain sensation 

in rodents such as rats and mice prior to and after treatment with test compounds [61]. 

Herein we have assessed the impact of systemically injected sarcosine, a competitive 

reversible GlyT-1 inhibitor on pain induced by thermal noxious stimuli in rats. Following 

acute subcutaneous treatment, sarcosine failed to produce significant analgesic effect, but 

there was a tendency for increasing the pain threshold in animal group treated with the 

higher dose (sarcosine 1000 mg/kg) compared to vehicle-treated group at 120' or 180' 

(Figure 4A). Also, following 7 days of chronic treatment (test on day 8) the higher dose 

of sarcosine showed significant analgesia at 60' and thereafter (Figure 4C). In addition, a 

significant increase of baseline on day 8 was also detected for chronic treatment with the 

higher dose (Figure 4D). In these series of experiments, we aimed to focus on the role of 

glycinergic system on alleviation of acute thermal pain, because to the best of our 

knowledge no such analysis has been conducted. 

Nevertheless, some research groups were interested in the involvement of glycinergic 

sytem in the alleviation of acute thermal hyperalgesia and allodynia. In these studies, 

allodynia was generated by intrathecal strychnine (GlyRα3 antagonist). According to 

these authors, following an intrathecal administration of strychnine in rats or mice, in tail 
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shock vocalization test and tail immersion in a 55°C oil, the pain threshold was 

significantly decreased and this led to the occurrence of hyperalgesia [97, 98, 99]. The 

results obtained in this part of our work were new and suggest that sarcosine exhibited a 

tendency to increase the pain threshold of acute heat-induced pain in rats under the present 

experimental condition. On the other hand, of note, chronic administartion of sarcosine 

would significantly attenuate thermal pain, which is of clinical value and hence might act 

as a potential add-on therapy for pain associated with burn.  

We continued our work by analysing the effect of  sacrosine in a rat model of formalin-

induced inflammatory pain. This pain test consists of two phases, naimely phase 1 and 2 

(early and late). In phase 1 pain behaviours are predominantly stemmed from the 

activation of C-fibre at the periphery, whereas the pain behavious of the phase 2 are 

related to both peripheral inflammatory reaction and functional changes in the spinal 

dorsal horn [64]. Several analgesic agents have been shown to inhibit either both phases 

such as opioids or only the inflammatory phase susch as non-steroidal anti-inflammatory 

drugs (NSAIDs) [100]. In our study, systemic sarcosine (500 mg/kg) failed to show 

antinociception either after acute or chronic treatment. Nevertheless, the chronic 

treatment lasted for four days in contrast to the above-mentioned tail-flick test where the 

treatment lasted for eight days. Indeed, it is worth extending this work by continuing the 

chronic treatment that lasts at least eight days in order to support or deny the analgesic 

effect of sarcosine upon long-term treatments. In previous work by Tanabe et al, both 

GlyT-1 inhibitors, sarcosine and NFPS as well as glycine itself reduced the pain 

behaviours of the second phase of the mouse formalin test, however the route of 

administration was different (intrathecal) [48]. In our work, when the test was performed 

just 15' after the acute injection of sarcosine pro-nociception was observed (Figure 5A). 

However, in another experimental setting, when formalin was injected 180' after acute 

treatment with sarcosine, either the pro-nociceptive or any other effect were not 

noticeable (Figure 5B). At the present, it is hard to explain this discrepancy that has been 

detected and more studies are needed to elucidate it. In studies by Morita and colleagues, 

they found that sarcosine (20 ng i.t.) could reduces pain up to 44 hours in CFA 

inflammatory pain model [43], but this pain model does not fully match the concept of 

the formalin test. Nevertheless, GlyT-2 inhibitor, ALX1393 has been found to inhibit pain 

behaviours of  both phases in formalin test after intrathecal administration but dose 
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escaltion was needed to have the same efffect when the drug was administered 

intracerebroventricularly [18,79]. Systemic and intrathecal administration of Org-25543, 

a GlyT-2 inhibitor, in inflammatory pain models of formalin test and CFA-induced pain 

in mouse showed analgesia, as it was mentioned in introduction [43, 49, 50]. 

The economic burden of neuropathic pain for the society has initiated research to identify 

novel targets for existing drugs. As antipsychotic agents, glycine transporter-1 inhibitors 

have progressed to an advanced clinical trials. However, concerns related to low 

efficacies have suspended their development. Nevertheless, assessment of their effect in 

other neurological conditions such as neuropathic pain has been continued in pre-clinical 

studies. Thus, we put a large effort into the current work to assess the analgesic effects of 

glycine transporter inhibitors, namely GlyT-1 and 2 or their combination in models of 

neuropathic pain in rat. There are several animal models for preclinical studies that intend 

to demonstrate the analgesic effect of test compounds in neuropathic pain. In our study 

we used partial sciatic nerve ligation (pSNL) induced neuropathic pain that described for 

allodynia by Seltzer et al. [58]. This pain model allows us to measure the developed 

allodynia in operated paw. In these series of experiments three inhibitors of glycine 

transporters, sarcosine, NFPS and Org-25543 were tested for their antiallodynic effects.  

In experiments designed to assess the antiallodynic effect of sarcosine, two doses (500 

and 1000 mg/kg) were administered systemically and the measurements of acute and 

chronic effects were performed. Under the present experimental conditions, sarcosine in 

a dose of 500 mg/kg produced significant antiallodynic effect either after acute or chronic 

administration (on day 4 and 6 of chronic treatment), and also it increased the baseline of 

pain threshold following 4 days of chronic treatment and there after (Figure 6, 7 and 8). 

On the other hand, sarcosine 1000 mg/kg produced acute anti-allodynia, but only a 

minimal effect on pain threshold on day 4 of chronic treatment. Interestingly, ongoing 

treatment with this dose (1000 mg/kg) failed to produce antiallodynic effect. Results of 

earlier studies by Centeno and co-workers had shown that sarcosine has a dose dependent 

analgesia in rats with spared nerve injury (SNI) after acute and chronic (2 times a day) 

treatments. In addition, in their study acute per os 500 mg/kg sarcosine produced anti-

allodynia which fits with the results obtained by us for s.c. 500 mg/kg sarcosine.  

However, in their study the chronic effect of the highest dose of sarcosine (500 mg/kg, 

p.o.) was seen on day 7, 10 and 14 of treatment [54]. In addition, the study by Centeno 
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and co-workers also compared the efficacy of oral sarcosine versus intrathecal or infusion 

in medial prefrontal cortex (MPFC) in rats with neuropathic pain. In their work the 

authors found that per os sarcosine caused increase in the pain threshold in both the 

normal and the neuropathic paws [54]. However, in our study sarcosine (500 mg/kg s.c.) 

only increased the pain threshold of the neuropathic paws. At the present, it is difficult to 

justify what made sarcosine to show this discrepancy in the analgesic effect. Thus, further 

studies are needed to elucidate this issue. Indeeed, the route of administration applied by 

us and Centeno et al. were both systemic route (s.c. and per os), so we can not relate this 

contradictory result to the difference in the route of administration. Glycine has dual 

effects, namely activation of inhibitory glycine receptors and co-agonistic effect on 

NMDA excitatory receptors. On the other hand, the structural similarity between 

sarcosine and glycine might raise the possibility for sarcosine itself to be involved in the 

activation of NMDA receptors as a co-agonist. In this regard, however, there is a 

contradiction in context [95, 96]. Based on these data we can hypothesize that sarcosine 

in medium doses do inhibit GlyT-1 that results in increase in the concentration of glycine, 

which acts as a co-agonist on extrasynaptic NMDA receptors NR1/NR2B subtype  and 

promotes its internalization in long term, as described previously [57]. When sarcosine is 

applied in higher doses in our study (1000mg/kg) it raises the possibility that sarosine 

itself acts as a co-agonist at NMDA receptor, though the desensitization of NMDAR by 

sarcosine is lower than of glycine [95]. Keeping in mind that the presence of glutamate is 

a prerequisite for the activation of NMDA receptor, and it has been reported to be 

increased in CNS of rodents with neuropathic pain based on previous works [28, 30, 31] 

indicating the existence of the crucial prerequisite for the activation of NMDA receptor. 

Also this condition appears to be met in our present work (Figure 15B). Pro-nociception 

of GlyT-1 inhibitors has been reported by Hermanns and colleagues (2008), for the 

medium dose of applied doses (10, 50 and 100 μg i.t) of ALX5407 (Isomer of NFPS) in 

CCI pain model [53]. The possibility of spill-over of glycine to extra-synaptic space and 

induction of NMDA receptors was discussed as an explanation for this phenomenon [27, 

32, 33]. In our glycine release study the impact of sarcosine, a substrate and reversible 

GlyT-1 inhibitor, was compared to ACPPB or NFPS, none-substrate irreversible GlyT-1 

inhibitors. We could prove that the effect of sarcosine on glycine release differs from that 

of ACPPB or NFPS. Sarcosine increased the glycine efflux in hippocampus tissue 
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significantly while ACPPB and NFPS failed to do that, and instead ACPPB inhibited the 

sarcosine-induced glycine release once combined (Figure 14). Thus, it is possible that 

sarcosine, as a substrate for GlyT-1, by activating the reverse mode of GlyT-1 and the 

increase in glycine level in the vicinity of extrasynaptic NMDA receptors promote its 

internalization as it is reported [57]. In previous study, based on IC50 values from 

inhibition of [3H]glycine uptake in rat cortical synaptosomes, ACPPB and NFPS were 

equipotent but much more potent than sarcosine (27 μM for sarcosine, 11 nM for ACPPB 

and 12 nM for NFPS) [45]. In our in vivo studies we applied irreversible GlyT-1 inhibitor, 

NFPS for further experiments. 

In order to decrease the side effects of drugs, the concomitant administration of small 

doses of drugs that act at different targets has been followed by many investigators. 

Herein the targets are glycine transporter 1 and 2 which are unlikely to be equally 

distributed in CNS regions, accounting for their effects, as it is mentioned in introduction 

[12, 15, 35, 43]. In this respect, we hypothesized that developing more reversible GlyT 

inhibitors with lower seletivity or co-administration of existing selective GlyT-l and 2 

inhibitors in lower doses migh offer novel therapeutic approach for the treatment of 

neuropathic pain. Prior to this study, the impact of the co-administration (combination) 

of sub-analgesic doses of GlyT-1 and 2 selective and potent inhibitors, namely NFPS and 

Org-25543 on neuropathic pain induced by pSNL in rats was not studied, but the analgesic 

effect of either NFPS or Org-25543 was analysed separately. In our experiments the acute 

treatment with low doses of these compounds (NFPS 1 mg/kg or Org-25543 2 mg/kg s.c.) 

failed to reduce the pain up to 3 hours (Figure 9A and 10A), however the chronic 

treatment (once a day in the morning) with low dose of NFPS (1 mg/kg) raised PWT 

baseline values significantly (chronic effect) but this effect did not happen for the low 

dose of Org-25543 (2 mg/kg) (Figure 9D and 10C). The chronic effect of GlyT-1 

inhibitor, NFPS could be the result of reduction of expression of spinal NR-1 NMDA 

receptors following chronic treatment with this compound, as it was shown by Barthel 

and colleagues [47], where they did not observe any changes in expression of NMDA 

receptors from GlyT-2 inhibition by ALX1393. In addition, in their study the level of 

both types of GlyT expression in spinal cord remained without any changes after chronic 

inhibition of any of glycine transporters. On the other hand, in another study, prolong in 

vitro application of Org-25543 in spinal slices caused reduction in synaptic release of 
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glycine, indicating its role in reuptake for re-filling of pre-synaptic vesicles [92]. After 

stepwise doubling of systemic acute doses of GlyT inhibitors, a significant anti-allodynic 

effect was recorded for both NFPS and Org-25543 at dose of 4 mg/kg with the peak effect 

at 60' post-treatment (Figure 9C and 10B). Other pre-clinical studies on GlyT inhibitors 

showed acute and chronic dose-dependent anti-nociceptive effects from their application 

[43, 47, 48, 50, 79, 75, 80] which has been already mentioned about NFPS and Org-25543 

in introduction part.  

One of concerns regarding application of irreversible selective inhibitors of glycine 

transporters is the occurrence of sever adverse reactions on motor function and respiratory 

system from irreversible blockage of glycine transporters [49]. In experimental mice 

lacking GlyT-1, extreme muscle weakness and irregular respiration was observed [90, 

91]. Mice lacking GlyT-2 showed tremor and motor dysfunction [93]. High doses of 

NFPS (10-30 mg/kg i.p.) affected motor function and resulted in respiratory depression 

[35, 53]. The high dose of Org-25543 (20 mg/kg i.v.) produced toxic effects such as 

spasm, convulsion and death in rodents [49]. The high applied doses in our study were 

less than half of toxic dose for NFPS and one fifth of toxic dose for Org-25443, and none 

of these treatments at the time of their peak effect (60' post-treatment) or later at 180' 

showed any significant motor disturbance and imbalance in rotarod test. Also, co-

administration with sub-analgesic doses of NFPS and Org-25543 at time of their peak 

effect (180') did not produce any motor dysfunction (Figure 13). In addition to this 

section, applied doses of sarcosine also were tested after acute and chronic treatments and 

result did not show any motor impairments as well (Figure 12). In all tested treatments 

during any of experiments we did not observe any suspicious behavioural changes or any 

observable respiratory distress.  

Finally, systemic co-administration of sub-analgesic doses of both compounds (NFPS 1 

mg/kg and Org-25543 2 mg/kg) produced anti-allodynia at 60' and the peak effect was at 

180' post-treatment (Figure 11). The applied doses are one tenth of the toxic doses 

claimed by literature, while the effect is higher than two times of the single dose of NFPS 

(1mg/kg) indicating our hypothesis on potentiation of anti-allodynia from the 

combination of sub-analgesic doses of both types of inhibitors with a better safety margin. 

To the best of our knowledge, the approach of combination of sub-analgesic doses of both 

types of GlyT inhibitors, namely NFPS and Org-25543 in reduction of allodynia and the 
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measurement of CSF glycine level after treatment with this combination is absent in 

literature. 

To further shed light on the mechanism behind the generation of this effect, we measured 

glycine and L-glutamate levels in CSF and spinal tissue with capillary electrophoresis. 

We have succeeded to measure the content of both glycine and L-glutamate either in CSF 

or spinal tissue. To verify the results of these experiments, thoroughgoing literature has 

been conducted. Our results were in accordance with the literature where the authors 

applied similar method to measure the content of glycine in CSF [83].  

The measurement of glycine and L-glutamate contents in CSF showed that after induction 

of neuropathy, there was a tendency of increase in glycine level and a significant increase 

in L-glutamate compared to sham (Figure 15B). However, comparison of glycine and 

glutamate contents of Lumbar 4-6 tissue of the spinal cord showed that there was not any 

difference between operated (ipsi-lateral) and unoperated (contra-lateral) sides, nor 

between non-neuropathic (sham) and neuropathic (vehicle treated) animals (Figure 15C 

and 15D). As it was discussed in introduction, neuropathic pain is the result of imbalance 

between inter-neuronal inhibition and excitation in dorsal horn of spinal cord, and this 

imbalance is in favour of the excitatory pathway. By time, the high extent of glutamate 

released from afferent fibres lead to spill-over of glutamate to extra-synaptic space and in 

consequence it activates extra-synaptic NMDA receptors, and in turn, neuronal excitation 

increases even further [24, 26, 27, 32, 33]. Our results by showing elevation of CSF 

glutamate content following neuropathic development without significant increase in 

glycine content, and by showing the lack of a noticeable difference in tissue levels of 

these neurotransmitters, confirms the presence of higher amount of glutamate in extra-

synaptic area from neuronal over-excitation.  

One of solutions to overcome this imbalance is the blockage of glycine reuptake to raise 

synaptic and/or extra-synaptic glycine level to make it available to synaptic GlyRs and 

thus to potentiate the glycinergic inhibition in dorsal horn of spinal cord. Different 

research data confirm the participation of both type of glycine transporters (astroglial 

GlyT-1 and synaptic GlyT-2) in neurotransmission of glycine in glycinergic inhibition 

[35, 45, 75,]. Experimental reports from literature data indicate the increase in CSF 

glycine content following application of GlyT-1 or 2 inhibitors [84, 85, 86]. Results from 
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HPLC measurements on samples from rats treated with GlyT-1 Inhibitors, ALX5407 

(0.1–10 mg/kg p.o) and LY2365109 (0.3–30 mg/kg p.o) shows a dose-dependent increase 

in CSF glycine content [89]. Inhibition of astroglial GlyT-1 raises the CSF level of glycine 

and makes it available for over-induction of extra-synaptic NMDA receptors leading to 

down-regulation of NMDA receptors, as it was already reported by literature [57]. Also, 

elevated CSF glycine content after GlyT-1 inhibition becomes accessible to GlyRs by 

spill-over to synaptic areas. In a study, intrathecal injection of strychnine (GlyRα3 

blocker) or knockdown of GlyRα3 (The dominant sub-type of GlyR in spinal cord and 

caudal regions of brain) abolished the analgesic effects from GlyT-1 inhibitors without 

any potentiation of pain. This indicates that anti-nociceptive effects of GlyT-1 inhibitors 

is the result of induction of glycinergic inhibition by activation of spinal glycine receptors 

[43, 35, 48, 76, 78]. GlyT-2 is restricted to pre-synaptic membranes and participates in 

reuptake of glycine back into glycinergic neurons for refilling of vesicles. Inhibition of 

GlyT-2 increases synaptic level of glycine available for glycine receptors, and thus 

potentiates glycinergic inhibition. Overall literature data confirm the potentiation of 

glycinergic inhibition by activation of glycine receptors as a result of elevation of glycine 

content after blocking glycine reuptake by either GlyT-1 or 2 inhibitors [15, 18, 35, 82]. 

But other experimental works on assessment of amount of glycine elevation in synaptic 

space by both types of GlyT inhibitors showed a higher accumulation of glycine in 

vicinity of synaptic GlyT-2 [87, 88].  

In our results, systemic administration of low and sub-analgesic doses of each type of 

inhibitors alone did not increase the level of glycine in CSF, although a tendency was 

noted for NFPS, but just the combination of these sub-analgesic doses (NFPS 1 mg/kg 

and Org-25543 2 mg/kg s.c.) could raise the glycine level significantly compared to 

control (sham group) and this combination did not affect the L-glutamate level (Figure 

15A and 15B). In this regard, it is evident that the potentiation of anti-allodynic effect 

following treatment with combination of sub-analgesic doses of both types of GlyT 

inhibitors could be the result of sufficient increase in CSF glycine level which in turn 

induces glycinergic inhibition and thus alleviates the neuropathic pain. The applied 

combination of NFPS and Org-25543 lacked any motor side effect. The potentiated anti-

neuropathic pain outcome from acute application of low sub-analgesic doses of co-

administration of both types of GlyT inhibitors without any observable side effect 
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presents a new strategy for management of neuropathic pain with higher efficacy and 

better safety margin. The irreversible inhibition of transporters by applied compounds in 

this combination is still a concern regarding toxicity following long term treatment with 

these compounds, and thus reversible inhibition might be a better approach for long term 

medical treatment. The low potency of sarcosine, a reversible GlyT-1 inhibitor and the 

observance of undesirable outcomes did not give enough validation for taking this 

approach in this study, but some recent studies gave promising results from novel 

synthetic reversible GlyT-2 inhibitors [35, 51]. In conclusion, systemic co-administration 

of low doses of reversible GlyT-1 and 2 inhibitors could be a future medical intervention 

for management of neuropathic pain.  

A further question was also raised as to the impact of GlyT inhibitors on receptors such 

as G-protein-coupled receptors (GPCRs). In this regards, NFPS and Org-25543 were 

tested for their actions on G-protein activity applying radio-ligand G-protein binding 

assays. To the best of our knowledge only NFPS had been already tested for its G-protein 

binding by Harsing and colleagues [46] and their result showed a very negligible affinity 

for G-protein coupled receptors. Subsequently we evaluated the effect of Org-25543, 

NFPS or their combination on G-protein activity. Our result from G-protein binding assay 

(Figure 16), excluded any G-protein agonist action for any of studied compounds 

(20%DMSO, sarcosine, NFPS, Org-25543, combination of NFPS and Org-25543). Thus, 

the measured analgesic effects for the NFPS, Org-25543 or their combination is likely the 

consequence of direct inhibition of GlyT transporters, yet in case of sarcosine it is still 

arguable based on its various interactions with GlyT-1 and NMDAR [40, 95, 96].   
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6. Conclusions  

   Anti-neuropathic treatment is a sophisticated subject when it comes to its undesirable 

outcomes. In neuropathic pain conditions, the interplay of inter-neuronal inhibition and 

excitation in lamina II and III of dorsal horn of spinal cord is compromised by increase 

in glutamatergic excitation and decrease in glycinergic inhibition. Application of glycine 

transporter (GlyT) type 1 and 2 inhibitors potentiates glycinergic neurons by increasing 

in spinal glycine content and hence reducing the pain, but their high doses show motor 

and respiratory side-effects. The aim of the study was to initially evaluate sarcosine 

(reversible GlyT-1 inhibitor) and then NFPS (irreversible GlyT-1 inhibitor) and Org-

25543 (irreversible GlyT-2 inhibitor) and their co-administration, to reach a better 

therapeutic index. Multiple systemic doses (acute or chronic) of these compounds were 

assessed on allodynia on rats with partial sciatic nerve ligation neuropathic pain model 

by the measurement of paw withdraw thresholds. Sarcosine was also assessed on acute 

thermal pain and acute inflammatory pain models. All applied compounds were tested for 

motor coordination by rotarod test. Glycine and L-glutamate content of CSF and spinal 

cord (L4-6) were measured with capillary electrophoresis. Glycine release in rat brain 

tissue was compared between sarcosine, NFPS and ACPPB (irreversible GlyT-1 

inhibitor). G-protein activity of compounds were evaluated by G-protein activity assay. 

Results showed analgesia for sarcosine, a reversible GlyT-1 inhibitor in acute thermal 

pain and allodynia without any motor side effects. However, the anti-allodynia from the 

lower dose was more pronounced, probably related to excessive release of glycine, found 

from in vitro release study. Systemic irreversible GlyT-1 and 2 inhibitors, NFPS and Org-

25543 respectively, produced acute anti-allodynia only in high doses, but their co-

administration of sub-analgesic doses enhanced acute anti-allodynia. This combination 

increased the CSF glycine content significantly, which suggests the induction of 

glycinergic inhibition in spinal cord. NFPS and Org-25543 did not show any motor side 

effects in rotarod test. Chronic systemic NFPS in low dose increased allodynia threshold. 

G-protein action was excluded of all test compounds by result of in vitro study. In 

conclusion, the novel strategy of combination of sub-analgesic doses of GlyT-1 and 2 

inhibitors by potentiation of efficacy and avoiding adverse reactions, might be a solution 

for future clinical application of these compounds in the treatment of neuropathic pain. 
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7. Summary 

   The aim of the study was to assess the analgesic effects of different glycine transporter 

inhibitors, such as sarcosine (reversible GlyT-1 inhibitor), NFPS (irreversible GlyT-1 

inhibitor) and Org-25543 (irreversible GlyT-2 inhibitor) in distinct animal models of pain 

in rats in various treatment conditions. Further goals were to evaluate their locomotor side 

effects and their impact on glycine and glutamate concentrations and G-protein activity 

in the central nervous system. The results are summarized below.  

1) Chronic systemic high dose (1000 mg/kg) of sarcosine, produced analgesia in acute 

thermal pain in rat tail-flick test. Systemic acute or chronic sarcosine (500 mg/kg) failed 

to reduce acute inflammatory pain in rat formalin test. On the other hand, sarcosine 

showed anti-allodynia in the partial sciatic nerve ligation neuropathic animal pain model 

after acute and chronic systemic administration (500 and 1000 mg/kg). Additionally, 

sarcosine increased glycine efflux from rat hippocampus tissue in glycine release 

experiment.  2) Rats treated with NFPS or Org-25543 showed anti-allodynia only in the 

systemic higher acute doses (4 mg/kg) in the partial sciatic nerve ligation neuropathic 

animal pain model. However, acute systemic co-administration of sub-analgesic doses of 

NFPS (1 mg/kg) and Org-25543 (2 mg/kg) alleviated pain significantly. The systemic 

chronic low dose (1 mg/kg) of NFPS also increased the baseline values of allodynia in 

neuropathic animals. 3) None of the GlyT inhibitors disturbed motor coordination of rats 

in rotarod test.  4) Data from capillary electrophoresis measurements showed the elevation 

of L-glutamate in cerebrospinal fluid of samples from neuropathic animals, which was 

not reversed by the combination of systemic sub-analgesic doses of NFPS (1 mg/kg) and 

Org-2554 (2 mg/kg), but only this combination raised the glycine level significantly. In 

addition, no changes were observed in glycine or L-glutamate content in spinal cord 

tissues. 5) Finally, based on our G-protein activity assay, we can exclude the G-protein 

coupled activation abilities of either of the test compounds.  

In conclusion, augmented anti-allodynia from systemic co-administration of GlyT-1 and 

2 inhibitors shows a better therapeutic index, and it could be a novel approach in 

management of neuropathic pain in future. 
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8. Összefoglalás 

Célunk volt meghatározni több glicin transzporter gátló (GlyT) úgy, mint a szarkozin 

(reverzibilis GlyT-1 inhibitor), az NFPS (irreverzibilis GlyT-1 inhibitor) és az Org-25543 

(irreverzibilis GlyT-2 inhibitor) analgetikus hatását különféle fájdalommodellekben, 

patkányokon, eltérő kezelési paraméterekkel. További célunk volt megvizsgálni ezen 

GlyT inhibitorok motoros funkciókra, a központi idegrendszeri glicin és glutamát 

koncentrációra illetve G-fehérje aktivációra gyakorolt hatását is. Az eredmények 

összefoglalva az alábbiak:    

1) Krónikusan, szisztémásan és magas (1000 mg/kg) dózisban adagolva a szarkozin 

analgetikus hatást mutatott patkány tail-flick tesztben, viszont a formalin, akut 

gyulladásos tesztekben hatástalan volt 500 mg/kg dózisban, mind akutan, mind 

krónikusan adagolva. Ugyanakkor antiallodíniás hatást tapasztaltunk akut és krónikus 

dózisban adagolva (500 és 1000 mg/kg) részleges idegelkötést alkalmazó neuropátiás 

fájdalommodellben. Továbbá a szarkozin megemelte a glicin kibocsátást is patkány 

hippokampusz mintákban. 2) NFPS és Org-25543 antiallodíniás hatással rendelkezett, de 

csak magasabb (4 mg/kg), akut dózisban, viszont alacsonyabb, szubanalgetikus dózisban 

(NFPS: 1 mg/kg, Org-25543: 2 mg/kg), akutan a két gátlószert kombinálva csökkentette 

a neuropátiás fájdalmat. Alacsony dózisú (1 mg/kg) NFPS krónikusan adagolva emelte a 

neuropátiás patkányok alapfájdalom küszöb értékeit. 3) A vizsgált GlyT inhibitorok közül 

egyik sem befolyásolta az állatok motoros funkcióit. 4) A kapilláris elektroforézis 

kísérletekben neuropátiás állatok agyi-gerincvelői folyadékában magasabb L-glutamát 

szint volt tapasztalható, mely az NFPS és Org-25543 kombinációjával nem volt 

visszafordítható. Ezzel szemben, csak a két inhibitor kombinációja emelte meg 

szignifikánsan az agyi-gerincvelői folyadék glicin szintjét. A gerincvelői mintákban sem 

a glicin, sem az L-glutamát szintje nem változott. 5) Végezetül a G-fehérje aktivációs 

kötési tesztekben egyik GlyT gátlószer sem stimulálta a G-fehérje kapcsolt receptorokat 

a kísérleti rendszerben.   

Konklúzióként elmondható, hogy a GlyT 1 és 2 szisztémás, szubanalgetikus dózisú 

kombinációja jobb terápiás indexszel rendelkezik az antiallodíniás hatás  növelésében, 

mely egyúttal a jövőben egy új megközelítés lehet a neuropátiás fájdalom kezelésében. 
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