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I N neuropathic pain, a lesion or disease of the somatosen-
sory system leads to specific pain symptoms.1 A reduction 

of inhibitory neurotransmission as well as an exaggeration 
of excitatory processes in the spinal cord contributes to the 
development of increased pain sensitivity.2 Increasing spi-
nal inhibition hence represents a promising therapeutic 
approach.3 Glycine transporters (GlyT) tightly regulate the 
synaptic glycine concentration and thus influence inhibitory 
glycinergic neurotransmission in the central nervous system.4 
In mutual dependence with the excitatory N-methyl-d-as-
partate (NMDA) receptor, GlyT regulate pain cognition.5 
The inhibition of GlyT has been shown to reduce nocicep-
tive behavior in various animal pain models, most likely by 
increasing the glycine concentration at inhibitory glycine 
receptors (GlyR).6–9 Yet, in various studies, acute inhibition 

of GlyT caused serious side effects, such as pareses, respiratory 
distress, or pronociceptive effects.6,7,10 Whether a continuous 

What We Already Know about This Topic

•	 Glycinergic neurotransmission is involved in neuropathic pain
•	 Many agents regulating synaptic glycine availability cause 
neuromotor side effects

What This Article Tells Us That Is New

•	 The long-term inhibition of glycine transporters GlyT1 and 
GlyT2 reduces neuropathic pain–related behavior in a rat 
model without neuromotor or respiratory side effects

•	 The modulation of spinal N-methyl-d-aspartate receptors 
seems to contribute to this effect
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ABSTRACT

Background: Dysfunction of spinal glycinergic neurotransmission is a major pathogenetic factor in neuropathic pain. The 
synaptic glycine concentration is controlled by the two glycine transporters (GlyT) 1 and 2. GlyT inhibitors act antinocicep-
tive in various animal pain models when applied as bolus. Yet, in some studies, severe neuromotor side effects were reported. 
The aim of the current study was to elucidate whether continuous inhibition of GlyT ameliorates neuropathic pain without 
side effects and whether protein expression of GlyT1, GlyT2, or N-methyl-d-aspartate receptor subunit NR-1 in the spinal 
cord is affected.
Methods: In the chronic constriction injury model of neuropathic pain, male Wistar rats received specific GlyT1 and GlyT2 
inhibitors (ALX5407 and ALX1393; Sigma-Aldrich®, St. Louis, MO) or vehicle for 14 days via subcutaneous osmotic infu-
sion pumps (n = 6). Mechanical allodynia and thermal hyperalgesia were assessed before, after chronic constriction injury, and 
every 2 days during substance application. At the end of behavioral assessment, the expression of GlyT1, GlyT2, and NR-1 
in the spinal cord was determined by Western blot analysis.
Results: Both ALX5407 and ALX1393 ameliorated thermal hyperalgesia and mechanical allodynia in a time- and dose-
dependent manner. Respiratory or neuromotor side effects were not observed. NR-1 expression in the ipsilateral spinal cord 
was significantly reduced by ALX5407, but not by ALX1393. The expression of GlyT1 and GlyT2 remained unchanged.
Conclusions: Continuous systemic inhibition of GlyT significantly ameliorates neuropathic pain in rats. Thus, GlyT rep-
resent promising targets in pain research. Modulation of N-methyl-d-aspartate receptor expression might represent a novel 
mechanism for the antinociceptive action of GyT1 inhibitors. (Anesthesiology 2014; 121:160-9)
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systemic application of GlyT inhibitors can ameliorate neu-
ropathic pain without these side effects is unclear.

Furthermore, whether long-term inhibition of GlyT 
leads to changes of expression in NMDA receptor subunits 
in the spinal cord has hitherto not been investigated. In vitro 
investigations show that an increased synaptic glycine con-
centration primes NMDA receptors for internalization.11,12 
Whether this glycine-dependent process also occurs in vivo 
and may lead to a secondary degradation of NMDA recep-
tors is not known.

The aim of the current investigation therefore was to 
evaluate the effect of long-term application of the GlyT 
inhibitors ALX5407 (GlyT1) and ALX1393 (GlyT2) 
(Sigma-Aldrich®, St. Louis, MO) on mechanical allodynia 
and thermal hyperalgesia in experimental neuropathic pain 
in rats. Moreover, protein expression patterns of GlyT1, 
GlyT2, and NMDA receptor in the spinal cord during sys-
temic application of GlyT inhibitors were investigated.

Materials and Methods
Reagents
ALX5407, ALX1393, and (2-hydroxypropyl)-β-cyclodextrin 
were purchased from Sigma-Aldrich® with a purity of greater 
than 98% (high-performance liquid chromatography). A 
polyclonal antibody against the NMDA receptor subunit 
NR-1 originating from rabbit was purchased from Cell Sig-
naling Technology®, Inc. (Danvers, MA). Polyclonal antibod-
ies against GlyT1 (rabbit no. 176) and GlyT2 (rabbit no. 218) 
originating from rabbit were described previously.13 A mono-
clonal primary mouse-anti-α-tubulin antibody was purchased 
from Sigma-Aldrich®. Secondary horseradish peroxidase–
coupled antibodies were purchased from Dianova (Hamburg, 
Germany). Unless stated otherwise, further reagents were pur-
chases from Sigma-Aldrich® (Munich, Germany).

Animal Experiments
All animal experiments were performed with approval of the 
local government (North Rhine-Westphalia State Agency for 
Nature, Environment and Consumer Protection, Recklinghau-
sen, Germany) in accordance with the guidelines of the Inter-
national Association for the Study of Pain. The role of GlyT in 
neuropathic pain was investigated in the chronic constriction 
injury (CCI) model of neuropathic pain14 in 54 male Wistar 
rats (weight, 290 to 310 g) as described previously.6 In brief, 
the left sciatic nerve was loosely ligated with general anesthesia 
(pentobarbital, 60 mg/kg; intraperitoneal injection) to induce a 
peripheral mononeuropathy. Sham operation comprised prep-
aration of the sciatic nerve without ligation. As postoperative 
treatment, the skin wound was infiltrated with local anesthetic 
(3 mg/kg ropivacaine) to minimize discomfort.

The degree of thermal hyperalgesia and mechani-
cal allodynia was assessed using a modified Hargreaves 
method15 with a mobile radiant heat source (Plantar Test; 
Ugo Basile, Comerio, Italy) and a modified von Frey–type 

filament (Plantar Aesthesiometer; Ugo Basile), respectively, 
as described previously.16,17

To analyze the effect of GlyT inhibitors on nociception 
and spinal protein expression, 54 animals were randomized 
into nine groups. The required group size was estimated 
using a power analysis. Preliminary experiments with the 
highest inhibitor concentration suggested an effect size of 
at least 0.45. A group size of six thus resulted in a power 
(1-β) of greater than 0.8 (α = 0.05) using the G*Power 3.1.7 
program18 (Department of Psychology, Heinrich-Heine-
University Düsseldorf, Düsseldorf, Germany) in this case.

All animals underwent CCI and developed typical neu-
ropathic pain symptoms, such as thermal hyperalgesia and 
mechanical allodynia. Ten days after CCI, animals were ran-
domized to receive 0.2, 2, 20, or 200 μg/kg per day of specific 
GlyT1 inhibitor (ALX5407), GlyT2 inhibitor (ALX1393) 
dissolved in 20% (2-hydroxypropyl)-β-cyclodextrin, or vehi-
cle, as control. GlyT inhibitors and vehicle were applied for 
14 days with osmotic infusion pumps (Alzet® pump-model 
2ML2; DURECT Corp., Sulzfeld, Germany), implanted 
subcutaneously at the upper neck with a delivery rate of 5 
μl/h. The investigator was blinded to treatment. The devel-
opment of mechanical allodynia and thermal hyperalgesia as 
signs of neuropathic pain was assessed before, after CCI, and 
every 2 days during substance application. Four measure-
ments were performed at each time point.

After the last behavioral testing, the lumbar spinal cord 
(L4–L6) was dissected with deep general anesthesia, sepa-
rated into ipsilateral and contralateral parts, immediately 
frozen in liquid nitrogen and stored at −80°C.

To assess potential neuromotor side effects in detail, 18 
additional animals were implanted osmotic infusion pumps 
and randomly received vehicle, ALX1393, or ALX5407 for 
14 days (200 μg/kg per day, respectively). During this time, 
motor coordination was measured using an automated four-
lane Rotarod (Rat Rotarod, Model 7750; Ugo Basile) every 
2 days during application. The Rotarod consists of a rotating 
barrel (Ø 4 cm). The rotation started with a speed of 5 rpm 
and accelerated constantly up to a maximum speed of 20 rpm 
within 300 s. The fall-off-time in seconds was observed or 
the Rotarod was stopped when maximum speed was reached 
(300 s). All animals were trained 1 day in advance of the 
study for 5 min in the slowest speed.

Furthermore, the Irwin test,19 modified by Moscardo 
et al.,20 was performed in each animal, evaluating 39 neu-
robehavioral and physiological parameters to assess pos-
sible unwanted effects. A numerical score was performed to 
quantify the neurobehavioral data.20 Physiological status was 
graded with a score of 4. Variations from a normal score were 
observed with a score ranging from 0 to 3 or 5 to 8 (see pub-
lications by Irwin19 and Moscardo et al.20).

Western Blot Analysis
To investigate the effects of glycine transporter inhibitors on 
protein expression of GlyT1, GlyT2, and NR-1 in the lumbar 
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spinal cord, samples were pulverized, homogenized in buf-
fer (0.01 M phosphate-buffered saline; 10 mg/ml sodium 
dodecyl sulfate; and 1 mM phenylmethanesulfonyl fluoride) 
and centrifuged at 4°C, 50,000g for 10 min. The supernatant 
was collected and the protein content was quantified accord-
ing to Lowry et al.21 Samples were mixed with loading buffer 
(sodium dodecyl sulfate-stop-buffer [125 mM SIGMA 7–9; 
pH, 6.8; 20% glycerol; 9% sodium dodecyl sulfate; 0.05% 
bromophenol blue] mixed 1:10 with 2-β-mercaptoethanol)13 
and incubated at 37°C for 30 min. Fifty microgram of pro-
tein was separated by sodium dodecyl sulfate polyacrylamide 
gel electrophoresis modified according to Laemmli.22 The gel 
was run for 85 min at a constant current of 100 V. Proteins 
were transferred onto polyvinylidene difluoride membrane at 
220 mA for 60 min in transfer buffer (26 mM SIGMA 7–9 
+ 96 mM glycine). The membrane was then blocked with 
5% Blotto (5% dried skimmed milk in Tris-buffered saline 
with 0.1% Tween [TBS-T]) for 2 h at room temperature. The 
membranes were incubated overnight with a specific primary 
antibody for GlyT1 (no. 176), GlyT2 (no. 218), or NMDA 
receptor subunit NR-1. Membranes were washed three times 
for 10 min in cold TBS-T followed by incubation with a sec-
ondary donkey-anti-rabbit immunoglobulin G for 2 h. Sub-
sequently, the blots were washed again in TBS-T and signals 
were detected with the enhanced chemoluminescent detection 
method by a digital camera (cool snap HQ2; Photometrics®, 
Tuscon, AZ). To control for equal protein loading, mem-
branes were incubated with a primary mouse anti-α-tubulin 
antibody overnight, followed by a secondary goat-anti-mouse 
immunoglobulin G antibody. Signals were quantified and 
standardized against tubulin levels by densitometry (GelScan; 
BioSciTec GmbH, Frankfurt/Main, Germany).

Statistical Analysis
Data are presented as standard error of the mean (SEM). 
Results from behavioral experiments, that is, the paw-
withdrawal thresholds, were compared between the treat-
ment groups with two-way ANOVA followed by Tukey 
post hoc test. P value less than 0.05 was considered sig-
nificant. Densitometric results from Western blot analysis 
were compared with a two-tailed paired Student t test. To 
correct for multiple testing, in this case P value less than 
0.025 was considered significant. All calculations were 
performed using the SPSS program (Version 22.0; IBM 
Corp., Armonk, NY).

Results
Behavioral Measurements
All experiments lasted 24 days. There were no animal 
dropouts during the study. The first behavioral measure-
ments were performed on the first day, before CCI, fol-
lowing a second assessment 10 days later as baseline value 
after development of neuropathic pain. All animals devel-
oped thermal hyperalgesia and mechanical allodynia 10 
days after CCI in the injured, left hind paw. Nociception 
of the contralateral hind paw was not affected by surgery. 
Continuous application of the test substances was started 
on experimental day 10, and lasted for 14 days, that is, 
until experimental day 24. A control group of animals 
(n = 6) received only the vehicle (2-hydroxypropyl)-β-
cyclodextrin. The application of vehicle had no impact on 
nociception, neither on the injured nor on the contralat-
eral hind paw (figs. 1–4). This vehicle group served as con-
trol in further comparisons.

Fig. 1. Effects of ALX5407 on thermal hyperalgesia: Behavioral tests with the Plantar Test (Ugo Basile, Comerio, Italy) in all five 
groups that received continuous systemic administration of the glycine transporter 1 inhibitor ALX5407 (Sigma-Aldrich®, St. Louis, 
MO) (0.2, 2, 20, or 200 μg/kg per day, dissolved in (2-hydroxypropyl)-β-cyclodextrin) or vehicle. The line graphs show paw-withdraw-
al latencies (s) as response to a thermal stimulus from the injured left (A) and uninjured right paw (B) over time during application. 
Data are presented as mean ± SEM (n = 6). An asterisk indicates a significant difference compared with vehicle controls (P < 0.05).
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ALX5407 Reduces Thermal Hyperalgesia and  
Mechanical Allodynia
The GlyT1 inhibitor ALX5407, which was applied continu-
ously, reduced the thermal hyperalgesia in the left, injured 
paw. Analysis of withdrawal latencies showed that the noci-
ceptive response to thermal stimuli was attenuated within 
12 days after onset of systemic continuous application of 
ALX5407 compared with that in the control group. This 
effect was statistically significant starting from experimental 

day 22 at a dosage of 200 μg/kg per day. Furthermore, there 
was a significant attenuation of thermal hyperalgesia measured 
at a dosage of 20 μg/kg per day at experimental days 22 and 
24 (fig. 1A). ALX5407 had no statistically significant effect on 
thermal nociception of the contralateral hind paw (fig. 1B).

Continuous systemic administration of ALX5407 dimin-
ished mechanical allodynia of the ipsilateral hind paw at all 
four tested dosages. Withdrawal thresholds were found to be 
increased with a latency period of 4 days after beginning of 

Fig. 2. Effects of ALX1393 on thermal hyperalgesia: Behavioral tests with the Plantar Test (Ugo Basile, Comerio, Italy) in all five 
groups that received continuous systemic administration of the glycine transporter 2 inhibitor ALX1393 (Sigma-Aldrich®, St. 
Louis, MO) (0.2, 2, 20, or 200 μg/kg per day, dissolved in (2-hydroxypropyl)-β-cyclodextrin) or vehicle. The line graphs show 
paw-withdrawal latencies (s) as response to a thermal stimulus from the injured left (A) and uninjured right paw (B) over time dur-
ing application. Data are presented as mean ± SEM (n = 6). An asterisk indicates a significant difference compared with vehicle 
controls (P < 0.05).

Fig. 3. Effects of ALX5407 on mechanical allodynia: Behavioral tests with the Plantar Aesthesiometer (Ugo Basile, Comerio, 
Italy) during application of the glycine transporter 1 inhibitor ALX5407 (Sigma-Aldrich®, St. Louis, MO) (0.2, 2, 20, or 200 μg/
kg per day, dissolved in (2-hydroxypropyl)-β-cyclodextrin) or vehicle. The line graphs show paw-withdrawal thresholds (g) as 
response to a defined mechanical stimulus from the injured left (A) and uninjured right paw (B) over time during application. Data 
are presented as mean ± SEM (n = 6). An asterisk indicates a significant difference compared with vehicle controls (P < 0.05).
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application when compared with that in controls. This effect 
was statistically significant from experimental day 14 on in 
all four doses (fig. 3A). ALX5407 had no effect on the paw-
withdrawal threshold as response to mechanical stimuli in the 
contralateral, uninjured paw in any concentration (fig. 3B).

ALX1393 Reduces Thermal Hyperalgesia and  
Mechanical Allodynia
Continuous administration of ALX1393, a selective GlyT2 
inhibitor, diminished thermal hyperalgesia at the neuropathic 
extremity. During systemic application of ALX1393 at a dos-
age of 200 μg/kg per day, thermal hyperalgesia was reduced 
with a time-of-onset of 12 days. This attenuation was statis-
tically significant from experimental day 22. A lower dose of 
20 μg/kg per day also led to a significant amelioration start-
ing from experimental day 22 (fig.  2A). Analogous to the 
inhibition of GlyT1, the high doses of ALX1393 induced 
no significant effect on thermal nociception on the right, 
uninjured hind paw (fig.  2B). Furthermore, continuously 
applied ALX1393 counteracted mechanical allodynia on the 
side of the nerve ligation. During application of ALX1393, 
mechanical allodynia was attenuated with a latency of 4 days 
in all four tested dosages. From experimental day 14, a statis-
tically significant amelioration was observed (fig. 4A). There 
were no changes regarding the response to von Frey–type 
filaments observed on the contralateral hind paw in any dose 
of ALX1393 (fig. 4B).

ALX1393 and ALX5407 Exert No Significant  
Neuromotor Side Effects
In contrast to previous studies,6,10 no serious side effects 
such as neuromotor disturbances or respiratory distress were 

observed at any time point during application of the GlyT 
inhibitors. In naive animals that received the highest dose 
of the respective inhibitors, the motor behaviour assessed 
by the Rotarod test did not show any significant difference 
between the rats treated with the GlyT inhibitors and the 
vehicle group (fig. 5). Likewise, the systematic multimodal 
assessment of neurobehavioral effects of GlyT inhibitors 
with the modified Irwin test showed no difference between 
the treatment groups within the observation period (see 
tables 1–3, Supplemental Digital Content 1, http://links.
lww.com/ALN/B38).

Continuous Application of ALX1393 or ALX5407 Does Not 
Alter the Expression of Spinal Glycine Transporters
To evaluate the effect of GlyT inhibitor application on the 
expression pattern of GlyT1 and GlyT2, the groups that were 
treated with the highest doses of GlyT inhibitors (200 μg/
kg per day) were investigated and compared with the control 
group that solely received the vehicle. Neither the GlyT1 
inhibitor ALX5407 nor the GlyT2 inhibitor ALX1393 had 
an effect on expression patterns of GlyT1 in the ipsilateral 
spinal cord (fig.  6A). Likewise, there was no difference in 
expression of the GlyT1 protein in the contralateral spinal 
cord (fig. 6B). In addition to this, the expression of GlyT2 
was unchanged in the ipsilateral (fig.  6C) and the contra-
lateral (fig.  6D) lumbar spinal cord after application of 
ALX5407 and ALX1393.

Continuous Inhibition of GlyT1 Reduces  
the Expression of NR-1
Systemic administration of the GlyT1 inhibitor ALX5407 
significantly reduced the expression of NR-1 in the ipsilateral 

Fig. 4. Effects of ALX1393 on mechanical allodynia: Mechanical allodynia as assessed by the Plantar Aesthesiometer (Ugo 
Basile, Comerio, Italy) during application of the glycine transporter 2 inhibitor ALX1393 (Sigma-Aldrich®, St. Louis, MO) (0.2, 
2, 20, or 200 μg/kg per day, dissolved in (2-hydroxypropyl)-β-cyclodextrin) or vehicle. The line graphs show paw-withdrawal 
thresholds (g) from the injured left (A) and uninjured right paw (B) over time during application. Data are presented as mean ± 
SEM (n = 6). An asterisk indicates a significant difference compared with vehicle controls (P < 0.05).
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spinal cord when compared with that in the vehicle group 
(P = 0.009) (fig. 6E). Yet, there were no statistically signifi-
cant changes in expression of NR-1 in the contralateral spi-
nal cord during GlyT1 inhibition (fig. 6F). In contrast, the 
GlyT2 inhibitor ALX1393 did not alter the expression of the 
NMDA receptor subunit NR-1 in the ipsi- and contralateral 
part of the spinal cord.

Discussion
In neuropathic pain, an imbalance between spinal inhibi-
tory and excitatory neurotransmission leads to increased 
responses to noxious stimuli.23 Among other changes, this 
imbalance results from a reduction of inhibitory neurotrans-
mission.2 Besides γ-aminobutyric acid (GABA), glycine is 
the major inhibitory neurotransmitter. Therefore, a pharma-
cological restoration of GABAergic or glycinergic inhibition 
may represent a promising target to find new therapeutic 
strategies for patients suffering from neuropathic pain.24 
To date, several studies could show that GABA agonists 
have high antinociceptive potential. Unfortunately, serious 
adverse effects may occur during GABA agonist application 
because of the ubiquitary abundance of GABA receptors all 
over the central nervous system. In contrast to GABAergic 
neurotransmission, glycinergic inhibition is more restricted 
to caudal parts of the central nervous system, such as the 
brain stem or the spinal cord.25 A pharmacological approach 
to specifically facilitate glycinergic inhibition might therefore 
be efficient and bring along fewer adverse effects.24 Hence, 
GlyT are considered potential targets of future therapy of 
chronic pain states.26

Indeed, several previous experimental studies could show 
that inhibition of either GlyT1 or GlyT2 was able to sig-
nificantly ameliorate neuropathic pain symptoms such as 
thermal hyperalgesia and mechanical allodynia.6–9,27–30 Yet, 
in some of these investigations, especially after bolus appli-
cation of GlyT inhibitors, serious adverse effects such as 
pronociceptive effects or neuromotor dysfunction such as 
respiratory depression occurred.6,7

The current study demonstrates that a continuous sys-
temic application of GlyT inhibitors has antinociceptive 
effects on chronic neuropathic pain in rats. Hyperalgesia 
and allodynia were significantly attenuated during applica-
tion of both inhibitors. In contrast to previous studies, no 
adverse reactions such as pronociceptive effects or neurologi-
cal impairment were observed. The fact that the paw with-
drawal in the contralateral paw was not significantly altered 
by the inhibitors excludes that relevant neuromotor impair-
ment may account for the increased withdrawal thresholds 
in the injured paw.

Until today, little is known about the precise mechanisms 
by which GlyT inhibitors act antinociceptive. Glycine acts 
as agonist at strychnine-sensitive GlyR31 and concurrently 
modulates excitatory neurotransmission by acting as obliga-
tory coagonist at the NMDA receptor.32 This diverging effect 
of glycine explains the differential effects of glycine-modu-
lating agents on nociception, including GlyT inhibitors: in 
principal, increasing synaptic glycine concentration can have 
both anti- and pronociceptive effects as shown by previous 
experiments. Furthermore, experimental evidence suggests 
that the analgesic action of increased glycine concentration 

Fig. 5. Effects of ALX5407 and ALX1393 on motor coordination: Motor coordination was assessed by the Rat Rotarod (Ugo 
Basile, Comerio, Italy) (fall-off-time in seconds over time) during application of either vehicle or the highest dose of the glycine 
transporter 1 inhibitor ALX5407 (Sigma-Aldrich®, St. Louis, MO) (200 μg/kg per day) or glycine transporter 2 inhibitor ALX1393 
(Sigma-Aldrich®) (200 μg/kg per day). Data are presented as mean ± SEM (n = 6).
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is mediated by inhibitory GlyR and the pain-increasing 
effects are mediated by increased action at excitatory NMDA 
receptors.6,33,34

To date, two different transporters, GlyT1 and GlyT2, 
have been discovered.35–37 GlyT1 is predominantly expressed 
in glial cells of brain stem and spinal cord.5,13 Furthermore, 
GlyT1 was found in glial cells and glutamatergic neurons of 
other brain regions such as cortex and hippocampus.13,25,38,39 

The primary function of GlyT1 is the glycine clearance from 
the synaptic cleft into the cytosol although GlyT1 can also 
release glycine back into the synaptic cleft. This ambivalent 
function of GlyT1 may explain the differential effect of GlyT 
inhibitors on nociception. The pronociceptive properties are 
most likely due to saturation of the glycine-binding sites on 
NMDA receptors by inhibiting glycine uptake with GlyT1 
inhibitors. This mechanism is supported by experiments in 

Fig. 6. Effect of GlyT inhibitors on protein expression in the spinal cord: Western blot analyses of glycine transporter 1 (GlyT1) 
expression (A and B), glycine transporter 2 (GlyT2) expression (C and D), and N-methyl-d-aspartate receptor subunit 1 (NR-1) 
expression (E and F) in the spinal cord of groups that received either vehicle or the highest dose (200 μg/kg per day) of GlyT1 
inhibitor ALX5407 (Sigma-Aldrich®, St. Louis, MO) or GlyT2 inhibitor ALX1393 (Sigma-Aldrich®). GlyT1, GlyT2, and NR-1 protein 
expression was standardized against tubulin (Tub). Data are presented as mean ± SEM (n = 6). An asterisk indicates a significant 
difference compared with controls (P < 0.025).
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which specific antagonists of the NMDA receptor glycine 
site reversed this effect.7 In contrast, the antinociceptive 
effect results from an increase of the glycine concentration 
on inhibitory GlyR, which prolongs the duration of the gly-
cinergic synaptic current.26

GlyT2 is expressed on glycinergic neurons in the vicin-
ity of inhibitory GlyR. It catalyzes the recycling of glycine 
from the synaptic cleft to reconstitute glycine vesicles at the 
presynaptic site.13,40 Inhibition of GlyT2 enhances glycine-
dependent neurotransmission in sensory neurons. Its antino-
ciceptive action can be counteracted by intrathecal injection 
of strychnine or knockdown of spinal GlyRα3,7 which sug-
gests that activation of spinal GlyRα3 mediates the antineu-
ropathic effect of GlyT2 inhibitors.

The results of the current study show that a systemic con-
tinuous application of the GlyT1 inhibitor ALX5407 sig-
nificantly decreases the expression of NR-1 in the ipsilateral 
lumbar spinal cord. NR-1, the glycine-binding subunit of the 
excitatory NMDA receptor, plays a crucial role in the devel-
opment of neuropathic pain.41–43 The observed reduction of 
spinal NR-1 might result from an internalization of NMDA 
receptor as a consequence of a continuously increased synap-
tic glycine concentration. This was shown before in in vitro 
experiments by Nong et al.11 Other groups were able to show 
that modulation of NMDA receptor subunits, for example 
in NR-1 knock-out mice, leads to reduced nociception in 
inflammatory pain models.44,45 The precise mechanism that 
led to down-regulation of NR-1 in the ipsilateral spinal 
cord in response to continuous inhibition of GlyT1 remains 
unclear. A possible explanation for this phenomenon might 
be a compensatory increased glycinergic activity in the ipsi-
lateral spinal cord in a state of permanent pathological noci-
ceptive transmission. A further increase of synaptic glycine 
concentration at GlyR by inhibition of GlyT might hence 
lead to a synaptic spillover to nearby excitatory synapses46 
and in consequence to an increased glycine concentration 
and consecutive internalization and secondary degradation 
of NMDA receptors. This hypothesis may also explain why 
on the contralateral side, at which there is no increased pre-
synaptic glycinergic activity, a significant reduction of NR-1 
expression could not be observed.

In the underlying study, whole cell extracts were used for 
Western blotting. It is also possible that changes in NR-1 
protein expression might be restricted to either the outer or 
inner membrane. Therefore, further investigations of NR-1 
would be necessary to unravel these mechanisms. Further-
more, investigation of expression patterns of the phos-
phorylated form of NR-1 might serve to elucidate hitherto 
unknown mechanisms of NMDA receptor–mediated pain 
chronification.47 The exact role of GlyT inhibitor–induced 
NR-1 down-regulation still needs to be further elucidated.

In the current study, thermal hyperalgesia was solely 
attenuated significantly by the highest doses of both inhibi-
tors after 12 days of treatment. In contrast, mechanical allo-
dynia was reduced by all tested doses from day 4 of treatment, 

which indicates that allodynia might be more approachable 
by inhibition of GlyT than thermal hyperalgesia. This phe-
nomenon underlines the fact that different sensory symp-
toms of neuropathic pain may be a consequence of different 
pain-generating mechanisms and hence cause differential 
and individual treatment responses.48 This preclinical obser-
vation is in line with results from clinical investigations. 
In a multicenter clinical trial, Wallace et al.49 analyzed the 
efficacy of GV196771, a glycine antagonist at the glycine-
binding site of the NMDA receptor, in patients with chronic 
neuropathic pain. Although the overall effect on pain rating 
was unchanged and hence further development of the drug 
was discontinued, a significant reduction of allodynia was 
reported. These findings show that meticulous definition of 
the sensory profile of patients with neuropathic pain is cru-
cial and that consideration of the specific pain phenotype 
may ultimately lead to a more sufficient, individualized pain 
therapy.50 Thus, if GlyT inhibitors enter the phase of clinical 
studies, it may be appropriate to differentiate between dif-
ferent sensory phenomena of neuropathic pain as outcome 
parameters.

Interestingly, significant antinociceptive effects of both 
GlyT inhibitors were observed with a delay of several days 
after commencement of application. In previous studies, an 
intrathecal bolus application of GlyT inhibitors led to an 
immediate effect on nociception.6,34 The reason for the pro-
tracted effect in the current study is unknown. Whether an 
efflux mechanism, an ongoing metabolism, or other mecha-
nisms in the spinal cord leading to a slow increase of gly-
cine account for this phenomenon remains speculative and 
should be subject of future research. The absence of adverse 
effects may result from the same mechanism. A slow rise in 
the presynaptic glycine concentration could consecutively 
lead to a reduced diffusion of glycine into the spinal ventral 
horn, where inhibition of GlyT may lead to suppression of 
spontaneous action potentials.51 Although we present evi-
dence for a differential mode of action, the reason why both 
GlyT inhibitors show a similar delay of onset in the anti-
nociceptive action remains elusive. Furthermore, very recent 
experimental evidence suggests that ALX1393, the GlyT2 
inhibitor, used in our study has only limited selectivity on 
GlyT2 versus GlyT1.52 Further investigations will be needed 
to clarify this issue, possibly with the help of new-generation 
GlyT inhibitors.53

Further research is necessary to gain more detailed knowl-
edge on the antinociceptive effect of agents that modulate 
synaptic glycine concentration. Although conventional 
knock out of either GlyT leads to a lethal phenotype in 
mice,54,55 Cre-mediated inactivation of GlyT1 had more 
differential effects: Inactivation of neuronal GlyT1 does not 
lead to a change in phenotype. Inactivation of glial GlyT1, 
however, seems indispensable in early postnatal life, whereas 
those animals that survived the first postnatal week were did 
not present any neuromotor abnormalities.56 This phenom-
enon suggests that GlyT1 can be inactivated in adults within 
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a safe margin. Furthermore, GlyT inhibitors, such as sarco-
sine, have been successfully used in clinical studies in schizo-
phrenia,57 depression,58 or obsessive compulsive disorder59 
without side effects.

In summary, our findings show that in neuropathic pain 
in rats, a systemic continuous inhibition of either GlyT1 
or GylT2 can ameliorate neuropathic pain without any 
side effects. Furthermore, the beneficial effect of GlyT1 
inhibition might be mediated by a down-regulation of 
NMDA receptors. Although further experimental research 
is required to elucidate the precise molecular mechanisms 
of GlyT inhibitor–mediated antinociceptive effects, it might 
be the time to prove this concept of antinociception in a 
human trial.
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