DOI:10.1111/bph.12343
www.brjpharmacol.org

RESEARCH PAPER
Reversible inhibition of the

glycine transporter GlyT2
circumvents acute toxicity

Correspondence

Ana Mingorance-Le Meur, New
Medicines, UCB, Chemin du
Foriest, B-1420 Braine-1’Alleud,
Belgium. E-mail:
ana.mingorance@ucb.com

Keywords
glycine; pain; neuropathic pain;
reversible inhibitor

while preserving efficacy in ..
the treatment of pain Actepted

4 August 2013

A Mingorance-Le Meur, P Ghisdal, B Mullier, P De Ron, P Downey,
C Van Der Perren, V Declercq, S Cornelis, M Famelart, ] Van Asperen,
E Jnoff and J P Courade

New Medicines, UCB, Braine-L’Alleud, Belgium

BACKGROUND AND PURPOSE

Available medications for chronic pain provide only partial relief and often cause unacceptable side effects. There is therefore
a need for novel molecular targets to develop new therapeutics with improved efficacy and tolerability. Despite encouraging
efficacy data in rodents with inhibitors of the neuronal glycine transporter-2 (GlyT2), there are also some reports of toxicity
and their development was discontinued.

EXPERIMENTAL APPROACH

In order to clarify the possibility of targeting GlyT2 for the treatment of pain, we have used an integrated approach
comprising in vitro pharmacology, selectivity, bioavailability, in vivo efficacy and safety assessment to analyse the properties
and efficacy of ALX-1393 and Org-25543, the two published GlyT2 inhibitors from which in vivo data are available.

KEY RESULTS

We report that these compounds have a different set of undesirable properties that limit their usefulness as pharmacological
tools. Importantly, we discover that inhibitors of GlyT2 can exert an apparent reversible or irreversible inhibition of the
transporter and describe a new class of reversible GlyT2 inhibitors that preserves efficacy while avoiding acute toxicity.

CONCLUSIONS AND IMPLICATIONS

Our pharmacological comparison of two closely related GlyT2 inhibitors with different modes of inhibition provides important
insights into their safety and efficacy profiles, uncovering that in the presence of a GlyT2 mechanism-based toxicity, reversible
inhibitors might allow a tolerable balance between efficacy and toxicity. These findings shed light into the drawbacks
associated with the early GlyT2 inhibitors and describe a new mechanism that might serve as the starting point for new drug
development.

therefore a need for novel molecular targets for the develop-
ment of new pain treatments of improved efficacy and

Introduction

Chronic pain conditions affect more than a billion people
worldwide, a number exceeding those of diabetes, cardiovas-
cular disease and cancer combined (National Research
Council, 2011). Available medications, including non-
steroidal anti-inflammatory drugs, anticonvulsants, antide-
pressants, ion channel modulators and opioid drugs, provide
only partial relief and often cause adverse effects. There is

tolerability.

Chronic nerve pain (neuropathic pain) arises as a conse-
quence of neurological damage that produces disabling, long-
lasting increased response to noxious stimuli (hyperalgesia)
and painful response to normally innocuous stimuli
(allodynia; Woolf, 1983; Zimmermann and Herdegen, 1996;
Scholz and Woolf, 2002). Among the changes resulting from
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nerve damage that will lead to chronic pain is a reduction in
the inhibitory tone in the spinal cord (Basbaum et al., 2009;
Latremoliere and Woolf, 2009). Restoring the inhibitory tone
therefore appears as a reasonable therapeutic approach for
chronic pain.

Glycine is one of the main inhibitory neurotransmitters
in the brainstem and spinal cord and its action is regulated
via reuptake by the presynaptic glycine transporter-2
(GlyT2), the expression of which is largely restricted to these
areas (Jursky and Nelson, 1995; Zafra et al., 1995; Eulenburg
et al., 2005; Zafra and Gimenez, 2008). A structurally related
glycine transporter, GlyT1, is expressed by glial cells in fore-
brain regions where glycine plays an excitatory role as a
co-agonist required for NMDA receptor activation (Jursky
and Nelson, 1995; Zafra et al., 1995; Eulenburg et al., 2005;
Zafra and Gimenez, 2008). Following the discovery of GlyT2
as a key regulator of the extracellular levels of glycine in the
spinal cord, a surge of attention was devoted to the study of
this transporter as a target for neuropathic pain (Dohi et al.,
2009). Indeed, intrathecal injection of glycine is anti-
nociceptive in rodent models of pain (Huang and Simpson,
2000; Tanabe et al., 2008; Dohi et al., 2009) and an endog-
enous GlyT2 inhibitor, N-arachidonyl glycine, reduces allo-
dynia and hyperalgesia in rat models of inflammatory and
neuropathic pain (Succar etal., 2007; Vuong et al., 2008;
Dohi et al., 2009; Edington et al., 2009). Spinal knockdown
of GlyT2 also produces a profound anti-allodynic effect in
mouse chronic pain models (Morita et al., 2008). Despite
this body of evidence and the encouraging initial reports
following the generation of specific GlyT2 inhibitors by
pharmaceutical companies in the early 2000s, the develop-
ment of these inhibitors was discontinued and only a
limited amount of data about them were ever published
(Dohi et al., 2009). Once these compounds were made avail-
able to the scientific community, a large number of reports
on their efficacy in a variety of chronic pain models have
been published (Hermanns et al., 2008; Morita et al., 2008;
Dohi et al., 2009; Haranishi et al., 2010), reviving the inter-
est on this target.

Interestingly, the development of compounds against
GlyT1 ran into an initial stop following the description of a
lethal knockout phenotype and the toxicity of the first gen-
eration of inhibitors (Lindsley, 2010). The field would later
experience a successful rebound with the discovery of differ-
ent chemotypes, culminating with the clinical confirmation
of the therapeutic benefit of GlyT1 inhibition for schizophre-
nia (Lindsley, 2010). Because of the lethality of the GlyT2
knockout (Gomeza et al., 2003) and the discontinuation of
the GlyT2 programmes, we have performed an evaluation of
the properties and efficacy of the two published inhibitors
from which in vivo data are available. Here we confirm the
efficacy of the brain-penetrant GlyT2 inhibitor Org-25543 in
a rodent model of persistent pain, but also uncover a toxicity
that closely mimics the GlyT2 knockout phenotype at dose
levels compatible with an on-target effect. Importantly, we
show that this GlyT2 inhibitor is a tight binder, behaving as
an irreversible inhibitor, and report on a closely related
reversible compound that avoids acute toxicity while preserv-
ing efficacy. Our findings shed light into the drawbacks asso-
ciated with the early GlyT2 inhibitors and describe how
on-target toxicity might be avoided by developing reversible

1054 British Journal of Pharmacology (2013) 170 1053-1063

GlyT2 inhibitors, thus opening a new avenue to re-evaluate
the potential of this promising target for the treatment of
chronic pain.

Methods

All experiments involving animals were approved by the
ethical committee for animal experimentation of UCB, in
accordance with the European Directive 2010/63/EU on the
protection of animals used for scientific purpose and with the
Belgian law on the use of laboratory animals. All studies
involving animals are reported in accordance with the
ARRIVE guidelines for reporting experiments involving
animals (Kilkenny et al., 2010; McGrath et al., 2010).

Cloning, cell line generation and
determination of [*H] glycine uptake
Full length human GlyT1 (NM_201649), human GlyT2
(NM_004211), mouse GlyT1 (NM_008135) and mouse GlyT2
(NM_001146013) were synthesized at Genscript and cloned
into pcDNA3.1(+) (Life Technologies, Gent, Belgium). Final
constructs were verified by sequencing. The transporters were
expressed as transient transfections in FreeStyle™ 293-F sus-
pension cells using 293fectin™ following the manufacturers
instruction (all from Life Technologies).

Transfected cells were pelleted and gently re-suspended
in uptake buffer containing HEPES 10 mM, NaCl 150 mM,
CaCl, 1mM, KClI 5mM, MgCl, 1 mM, glucose 10 mM,
pH 7.4. Cells were then incubated with test compounds or
dimethyl sulfoxide (DMSO) at 37°C for 30 min. The uptake
was started by the addition of 10 nM [*H]glycine, and allowed
to continue for 30 min, after which the assay was terminated
by a rapid filtration on glass fibre filters type A/C (Pall) that
had been presoaked for 2 h in 0.1% Polyethyleneimine (Fluka
Biochemika, Buchs, Switzerland). The filters were rinsed four
times and transferred to plastic vials. Scintillation cocktail
(Ultima Gold MV, Perkin Elmer, Zaventem, Belgium) was
added and the radioactivity trapped on the filters was meas-
ured using a Liquid Scintillation analyser (Tri-Carb, Perkin
Elmer). For ICs, value determinations initial experiments
were performed by diluting compounds by log steps in DMSO
from 1 pM to 100 uM. Accurate ICs, values were then deter-
mined by performing 10-point concentration curves over a
suitable range using half log dilutions in DMSO. ICs, values
were determined using a non-linear curve fitting method
(Graphpad Prism® software, version 5.0, Graphpad, San
Diego, CA, USA).

Selectivity profile

The selectivity of Org-25543 and compound 1 for GlyT2 was
assessed compared with a broad panel of receptors, enzymes
and ion channels. The compounds were tested at 10 uM for
binding against a panel of more than 40 targets either inter-
nally (n = 3 with data in duplicate) or externally (CEREP, Celle
I’Evescault, France, study 9140414, n = 1 with data in dupli-
cate). For some of those targets, an ICs, curve was later done
internally. Target nomenclature conforms to the British
Journal of Pharmacology’s Guide to Receptors and Channels
(Alexander et al., 2011).



Oocyte glycine current assay
Xenopus leavis oocytes stage V-VI (purchased from EcoCyte
Bioscience, Germany) were plated into conical NUNC 96-
well plates in Barth’s solution and microinjected with the
automated screening system Roboocyte® (Multi Channel
Systems, Reutlingen, Germany). Injections consisted of 50 nL
of GlyT1 or GlyT2 mRNA dissolved in RNAse free water at
0.5 ug-uL™. Oocytes were then kept at 17°C for 3—-6 days before
the functional analysis of expressed glycine transporters.

Two electrode voltage clamp recordings were performed
with the automated Roboocyte® system using standard
recording heads (electrode resistance 300-800 kQ; current
and voltage electrodes filled with potassium acetate at 1.5 M
+ potassium chloride 1.5 M, Multi-Channel System). Oocytes
were impaled and voltage clamped at a holding potential
of —60 mV, then rinsed with normal frog ringer buffer.
Drugs were applied via a liquid dispenser (Gilson GX271;
Gilson, Middleton, WI, USA) coupled to a peristaltic pump
(MINIPULS 3, Gilson). The perfusion rate of the oocytes was
~3 mL-min™' and all solutions were freshly prepared before
each experiment. Glycine application during 20 s evoked an
inward current that was fully reversed after a 60-s washout.
For compound testing, compounds were applied to the
oocytes during 4 min before co-application with 15 uM
glycine. Glycine-evoked inward currents were analysed using
a Roboocyte Software version 2.2. Prism Graphpad software
was then used to generate dose-response curves using non-
linear regression analysis. Data were normalized to the first
glycine response.

Additional methods included in the Supporting
Information.

Q H;N,J/COOH
4 3
0\

Reversible GlyT2 inhibitors for pain

Results

Properties of the published GlyTZ2 inhibitors
Published preclinical evidence supporting GlyT2 inhibition
as a viable approach for treating pain has been obtained using
the non-selective endogenous GlyT2 inhibitor N-arachidonyl
glycine (NAGly; Succar et al., 2007; Vuong et al., 2008), and
two compounds belonging to different classes that were
under development by Organon (Org-25543) and Allelix
Pharma (ALX-1393) (Caulfield et al., 2001; Xu et al., 2005).
While the published data using these compounds in animal
pain models are largely positive, there are some conflicting
reports of lack of efficacy or toxicity. To clarify these findings,
we analysed the selectivity of Org-25543 and ALX-1393 for
GlyT2 over GlyT1, as well as their ability to enter the brain
following systemic administration (Figure 1).

We first evaluated the efficacy and glycine transporter
selectivity of Org-25543 and ALX-1393 by measuring [*H]gly-
cine uptake into HEK293 cells recombinantly expressing
human or mouse GlyT2 and GlyT1 (Figure 1). Both inhibitors
blocked [*H]glycine uptake with nanomolar potency in cells
transfected with GlyT2 with no difference in affinity between
the human and the mouse variants (12 nM and 100 nM ICs,
respectively). Contrarily to Org-25543, ALX-1393 also inhib-
ited [3H]glycine uptake in GlyT1-expressing cells (ICso value
of 4 uM).

To estimate whether systemic administration of Org-
25543 and ALX-1393 resulted in sufficient target exposure in
the CNS, we measured their concentration in brain tissue
at 35 and 60 min, respectively, following i.v. administra-
tion. While the lipophilic Org-25543 readily crossed the

Org-25543 ALX-1393
plC50 SD plC50 SD
average average
Human GlyT2 79 0.1 7.0 0.2
Mouse GlyT2 79 0.0 2 0.3
pIC50
Human GlyT1 n.d. 54 0.4
Mouse GlyT1 n.d. 54 0.2
Free brain/plasma ratio 0.53 0.03 0.036 0.01

Figure 1

Affinity, selectivity and brain penetration properties of the published GlyT2 inhibitors Org-25543 and ALX-1393. Both compounds inhibited
[*H]glycine uptake into HEK293 cells expressing GlyT2 with IC50 in the nanomolar range. ALX-1393 also inhibited [*H]glycine uptake into HEK293
cells expressing GlyT1 at low micromolar concentrations. Free brain/plasma concentration ratio for Org-25543 was determined 35 min after i.v.
administration to mice at 2 and 20 mg-kg™'. For ALX-1393, compound tissue concentration was determined 60 min after i.v. administration to

mice at 1 and 10 mg-kg™".
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blood-brain barrier with a free brain/plasma ratio of approxi-
mately 0.5, the amino acidic ALX-1393 showed minimal
brain penetration, with a ratio of less than 0.05 after 60 min
(Figure 1). At 10 mg-kg™' i.v., the maximal dose of ALX-1393
that could be administered due to limited compound solubil-
ity, the calculated free concentration of compound in the
brain was predicted to be threefold below its in vitro GlyT2
ICsp in the uptake assay. Because of these limitations, together
with poor selectivity versus GlyT1, the subsequent experi-
ments were carried out with Org-25543 only.

Pharmacological inhibition of GlyT2 by
Org-25543 reduces formalin-evoked pain

In the formalin model of pain, intraplantar injection of for-
malin in mice results in a biphasic pain response; a first phase
of acute pain due to direct nociceptor stimulation followed
by a second phase that involves inflammation and central
sensitization in the dorsal horn (Dubuisson and Dennis,
1977; Tjolsen et al., 1992). Efficacy of a test compound during
the late phase in this model is regarded as predictive of
efficacy in neuropathic pain (Dubuisson and Dennis, 1977;
Tjolsen et al., 1992; Saddi and Abbott, 2000). In order to
validate the sensitivity of our test, we confirmed the ability of
gabapentin, the clinical standard of care, to reduce nocicep-
tion in the formalin model (Supporting Information
Figure S1). To determine the ability of GlyT2 inhibition to
reduce pain hypersensitivity, we administered Org-25543 to
mice 5 min before formalin injection and monitored their
formalin-evoked pain behaviour by measuring paw licking
during the 30 min following formalin injection (Figure 2 and
Supporting Information Figure S2). Intravenous administra-
tion of Org-25543 preceding formalin injection decreased
paw licking time during the late phase in a dose-dependent
manner (Figure 2) with only a mild effect during the acute
phase (Supporting Information Figure S2). The efficacy of
Org-25543 to reduce pain behaviour during the late phase
was seen at doses as low as 0.06 mg-kg™ (36% reduction). The
maximal effect observed without side effects corresponded to
2 mg-kg™ (48% reduction), whereas at doses of 20 mg-kg™,
Org-25543 was highly toxic leading to convulsions and
lethality within the 30 min time of the experiment.

Org-25543 displayed very high plasma and brain tissue
protein binding, with only ~2% of the compound being
unbound. As a result, the free brain concentration of Org-
25543 at the minimal active dose of 0.06 mg-kg™" was esti-
mated to be around 160 pM (Figure 2). With an in vitro 1Cs, of
12 nM, such active dose is predicted to achieve less than 10%
of target inhibition. Similarly, the toxic dose of 20 mg-kg™!
was estimated to be still below full target occupancy (calcu-
lated 82% of glycine transport inhibition, Figure 2). There-
fore, both the minimal active dose and the toxic dose
required to reproduce the knockout phenotype (Gomeza
et al., 2003) were lower than anticipated by the compound
affinity for GlyT2.

The lack of agreement between exposure and pharmaco-
dynamic effects of Org-25543 led us to assess its ability to
interact with unrelated targets that could explain the obser-
vations. A selectivity profiling of Org-25543 against a panel of
common and biologically relevant unrelated targets uncov-
ered only partial activity on a limited number of targets with
an ICso above the maximal free compound concentration
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Figure 2

Pharmacological inhibition of GlyT2 by Org-25543 reduces formalin-
evoked pain behaviour. Quantification of paw lick duration during
the chronic phase in animals treated with formalin. Animals were
pretreated with vehicle (n = 20) or Org-25543 0.02 mg-kg™' (n=10),
0.06 (n=10), 0.2 (n=10), 2 (n=20) and 20 mg-kg™" (n =10, only
six included in analysis). No significant effect was seen with
Org-25543 at dose levels of 0.02mg-kg™. In contrast, doses
>0.06 mg-kg™' reduced the paw lick duration during the late phase
of the response to formalin injection. At 20 mg-kg™', Org-25543
induced convulsions and mortality in 4 out of 10 mice (black
diamond). Bars represent mean + SEM. **P < 0.01; ***P < 0.001;
one-way ANoVA, followed by a Dunnett’s multicomparison test. Free
brain concentration of Org-25543 at the end of the experiment
(35 min after compound injection) estimated as 2% of total brain
concentration based on protein binding data. The percentage of
target occupancy at the end of the experiment was calculated based
on compound brain concentration and in vitro 1Cso. Abbreviations:
n.d., non-detectable.

achieved at the highest dose tested in the formalin experi-
ments (Supporting Information Table S1). Thus, Org-25543 is
likely to be selective for GlyT2 at the range of doses used in
the pain experiments.

Org-25543 is a biologically irreversible

GlyT?2 inhibitor

The observed shift between Org-25543 pharmacokinetics and
pharmacodynamics is compatible with the profile of a tight
binder or irreversible inhibitor. To assess this possibility,
we used an oocyte assay that has been previously used to
functionally express and characterize GlyT1 and GlyT2
(Wiles etal., 2006; Mezler etal., 2008). Application of
glycine to Xenopus laevis oocytes expressing GlyT2 generates
concentration-dependent inward currents measured by two
electrode voltage clamp (Figure 3). For both transporters,
glycine evoked inward currents with an ECs, of 15 uM, which
were dependent on extracellular Na* and CI- ion levels (Sup-
porting Information Figure S3). Glycine transport by GlyT1,
but not GlyT2, was also modulated by external Zn* and H*
levels, also in agreement with published observations (Sup-
porting Information Figure S3; Aubrey et al., 2000; Ju et al.,
2004). To study the inhibitory properties of Org-25543 on
GlyT2 activity, we used a protocol in which we applied three
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Org-25543 is a biologically irreversible GlyT2 inhibitor. Glycine-evoked currents in oocytes expressing human GlyT2. (A, C, E) representative
reversibility experiments displaying currents induced by three pulses of glycine in the presence of NAGly (A), Org-25543 (C) or ALX-1393 (E).
(B, D, F) Concentration-response curves showing the % of glycine-induced current of the second peak (black) or the third peak (white, following
washout) as compared with the first glycine current. Org-25543, but not NAGly or ALX-1393 was irreversible in this assay. Each point represents

the average response of five to eight oocytes + SEM.
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pulses of glycine to determine the compound potency and
reversibility (Figure 3A). A first application of 15 uM glycine,
which generates an inward current, is followed by a second
application in the presence of a test compound that has been
pre-incubated for 4 min, which in the example of Figure 3A
corresponds to the known GlyT2 inhibitor NAGly (Wiles
et al., 2006). After a co-application of compound and glycine
and a washout period of 10 min, 15 uM of glycine is again
applied in the absence of the inhibitor. While reversible com-
pounds are washed out and the third current is similar in
magnitude to the first one, in the case of irreversible or
tight-binder inhibitors, a reduction in glycine transport can
still be detected following the 10 min washout. Using this
protocol, NAGly proved to be an effective and reversible
inhibitor of electrogenic glycine transport by GlyT2, fully
dissociating from the transporter after a washout period of
10 min (Figure 3A and B).

In a first experiment, we verified that Org-25543 inhibited
GlyT2-mediated glycine currents in Xenopus laevis oocytes
with a potency in agreement with the ICs, obtained from
[*H]glycine uptake into GlyT2-expressing HEK293 (ICso =
~20 nM, Figure 3C and D closed circles). We then determined
the apparent reversibility of Org-25543 by measuring the
ability of glycine to induce currents following a 10 min
washout. In this assay, Org-25543 behaved as an irreversible
inhibitor, and a third application of glycine following com-
pound washout induced currents of the same magnitude to
those obtained in the presence of the compound during the
second application (Figure 3C and D open circles). This indi-
cates that Org-25543 has a very slow off-rate and might
behave as a ‘biologically irreversible’ inhibitor of glycine
transport, as once the compound is bound to GlyT2, the
activity of the transporter is effectively shut down for a sig-
nificant time period.

We also evaluated whether the amino acid inhibitor ALX-
1393 is a reversible or irreversible blocker of GlyT2. During
co-application with glycine, ALX-1393 inhibited GlyT2-
mediated glycine currents with similar potency to that
observed in the radioactive uptake assay (ICso = ~25nM,
Figure 3F closed circles). Similarly, we reproduced our obser-
vation that ALX-1393 also inhibits GlyT1-mediated glycine
transport in Xenopus laevis oocytes with 30 times lower
potency when compared with inhibition of GlyT2. Unlike
Org-25543, application of glycine following a washout period
of ALX-1393 was able to evoke currents, albeit with some
remaining partial inhibition (Figure 3E and F open circles).
Therefore both available test compounds have a different set
of undesirable properties that limit their usefulness as phar-
macological tools, either poor brain penetration and activity
on GlyT1 as in the case of ALX-1393, or a remarkable tight-
binding mode for Org-25543 that might lead to biological
irreversibility and potential on-target toxicity.

Generation of a reversible and
brain-penetrant GlyTZ2 inhibitor

In order to understand the toxicity and efficacy observed with
Org-25543 and to determine the feasibility of targeting GlyT2
for the treatment of pain we set to identify a reversible,
selective and brain-penetrant GlyT2 inhibitor that could be
used in vivo. With this aim, we used Org-25543 as a starting
point and screened several analogues for activity on GlyT2
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and selectivity versus GlyT1 using the radioactive uptake
assay on HEK293 cells. This led to the identification of com-
pound 1 (Figure 4A); a compound with an ICs, value of
100 nM for mouse GlyT2, high selectivity over GlyT1, and a
selectivity profile against unrelated targets at 10 uM in line
with that observed for Org-25543 (Figure 4B). Similarly to
Org-25543, the physicochemical parameters of compound 1
appeared to be consistent with CNS penetration, obtaining a
0.4 brain/plasma free concentration ratio 35 min after intra-
peritoneal injection (Figure 4B). More importantly, the inhi-
bition of GlyT2 by compound 1 was nearly completely
reversible in the oocyte reversibility assay, with most of the
glycine current recovered following washout even after com-
plete inhibition of GlyT2 (Figure 4C and D). These properties
made compound 1 the ideal pharmacological tool to evaluate
in animal models whether the potential on-target toxicity of
GlyT2 inhibitors might be avoided by developing reversible
compounds.

Reversible GlyT2 inhibitors reduce nociception
in the formalin model
We then determined the minimal active dose and target
exposure levels of the reversible GlyT2 inhibitor compound 1
in the formalin pain model (Figure 4E and Supporting Infor-
mation Figure S4). We treated mice with compound 1 via
intraperitoneal administration 5 min before formalin injec-
tion and monitored their pain behaviour during the second
phase of the formalin model. Because of the difference in in
vitro potency between Org-25543 and compound 1 (12 nM
vs. 100 nM ICs, for mouse GlyT2, respectively) we adapted
the dose range administered so that we could compare their
efficacy at very low predicted target exposure levels (<10%) as
well as at high predicted target occupancy (>50%). The
highest dose of compound 1 that could be administered due
to solubility limitations was 100 mg-kg™'. This dose was pre-
dicted to be sufficient to achieve over 50% estimated target
occupancy. Similarly to Org-25543, compound 1 had good
brain penetration and very high in vitro binding to brain
homogenates, resulting in ~2% of the compound estimated
as being unbound. Based on this finding, the estimated free
brain concentration at the minimal dose of compound 1 that
produced a statistically significant analgesic effect (33%
reduction at 25 mg-kg™') was 42 nM, which corresponded to a
calculated target occupancy of 36% (Figure 4E). Unlike Org-
25543, which showed efficacy at very low predicted target
exposure levels (<10%), low exposure levels of compound 1
failed to show any significant reduction in the development
of hyperalgesia. In contrast, an estimated free brain concen-
tration of 119 nM, achieving over 50% estimated target occu-
pancy, produced a dramatic reduction in pain as seen by 90%
reduction in paw licking time in the late phase of the forma-
lin pain model (100 mg-kg™', Figure 4E), suggesting a good
correlation between compound 1 pharmacokinetic and phar-
macodynamic properties. These data are consistent with our
findings in the oocyte assay and support the reversible profile
of compound 1 in vivo.

We did not see any evident serious side effect or mortality
in mice treated with the reversible inhibitor compound 1,
even at a dose that was able to achieve a profound reduction
in nociceptive behaviour during the late phase of the for-
malin model. This was still true 3 h after the end of the
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Figure 4

Compound 1 is a reversible and brain-penetrant GlyT2 inhibitor that reduces formalin-evoked pain behaviour. (A) Compound 1 structure. (B) Table
summarizing compound 1 affinity for human and mouse GlyT1 and GlyT2 as well as brain/plasma ratio 35 min after i.p. administration to mice
at 10-100 mg-kg™. (C) Representative trace of a reversibility experiments and (D) concentration-response curves of glycine-induced currents in
oocytes expressing human GlyT2. Compound 1 was reversible in this assay. Each point represents the average response of five to eight oocytes
+ SEM. (E) Efficacy of compound 1 in the mouse formalin model. Quantification of paw lick duration during the chronic phase in animals treated
with formalin. Animals were pretreated with vehicle (n = 20) or compound 1 at 1 mg-kg™ (n =10), 3 (n =10), 10 (n = 10), 25 (n = 20) and
100 mg-kg™' (n = 10). Doses >25 mg-kg™' reduced the paw lick duration during the late phase of the response to formalin injection. At
100 mg-kg™', compound 1 produced a profound reduction of pain behaviour with no convulsions or mortality. Bars represent mean + SEM.
***P < 0.001; one-way aNova, followed by a Dunnett’s multicomparison test. Free brain concentration of compound 1 at the end of the experiment
(35 min after compound injection) estimated as 2% of total brain concentration based on protein binding data. Percentage of target occupancy
at the end of the experiment calculated based on compound brain concentration and in vitro ICs,.
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experiment, when animals were killed. In contrast with these
findings, the dose of Org-25543 able to produce a 75% reduc-
tion in hyperalgesia was highly toxic, inducing spasms, con-
vulsions and the death of four mice out of 10 during the
35 min time of the experiment. Therefore we performed addi-
tional experiments in order to better understand the safety
profile of both compounds.

Reversible and irreversible GlyT2 inhibitors
have a different safety profiles

We determined the overall safety profile of Org-25543 and
compound 1 using a range of inactive and active doses
(Figure 5) using an Irwin neurobehavioural observation
battery consisting of a series of 53 parameters, including
central activity and reactivity, neurovegetative reflexes, neu-
romotor tone and autonomic signs (Irwin, 1968; De Ron
et al., 2008). We also evaluated the profile of gabapentin as a
positive control (not shown). Our results showed that Org-
25543 was characterized by an overall excitatory profile, with
dose-dependent increase in the incidence of excitatory
side effects including tremors and stereotypies. We already
detected other signs of excitability, such as enhanced vigi-
lance and touch response, at the lowest dose. Because of
ethical reasons, we were unable to administer the maximal
active dose of 20 mg-kg™" of Org-25543 to animals, a dose for
which we already had observed spasms, convulsions and
mortality during the formalin test. Compound 1, instead,
showed an overall sedative profile comparable with that of
gabapentin and characterized by a decrease in vigilance and
spontaneous activity associated with a decrease in muscular
tone. None of the GlyT2 inhibitors showed signs of general
locomotion activity impairment (gate or limb position) pre-
dicted to interfere with the pharmacokinetic readout of the
formalin model at any of the active doses. Therefore these
findings support the hypothesis that the acute toxicity
observed with some GlyT2 inhibitors is likely to result from

Dose efficacy in the

formalin model Org-25543 Compound 1
Inactive -
Active Tremor
Tremor
Maximal active dose Lethal Sedation
Overall profile Excitatory Sedative

Figure 5

Different side effect profile of Org-25543 and compound 1 in the
Irwin test. Animals were pretreated with vehicle, 0.02, 0.2 or
2 mg-kg™' of Org-25543 and 3, 25 and 100 g-kg™' of compound 1 (n
= 3 mice per group). The two intermediate active doses of Org-
25543 (0.2 and 2 mg-kg™') were characterized by tremors and ste-
reotypies, with an incidence one mouse out of three or three mice
out of three respectively. The 20 mg-kg™" dose of Org-25543 was not
repeated for the Irwin test and the toxicity signs already observed
during the formalin test have been included in the table. No sedation
was observed for Org-25543. Compound 1 had a sedative profile
starting at the dose of 100 mg-kg™'.
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their biologically irreversible profile and that reversible com-
pounds might avoid this toxicity while preserving efficacy.

Discussion and conclusions

Because of the elevated incidence and the lack of adequate
treatments for chronic pain, there is a need to find new
molecular targets that will enable the development of new
therapeutics. We have now characterized the properties of
two published GlyT2 inhibitors, originating from different
companies, for which in vivo reports are available. Our data
provide evidence that these compounds have limited useful-
ness as pharmacological tools, either because of poor brain
penetration and activity on GlyT1l or a remarkable tight-
binding mode that might lead to on-target toxicity. Our
finding that on-target toxicity might be avoided by develop-
ing reversible GlyT2 inhibitors opens a new avenue to
re-evaluate the potential of this promising target for chronic
pain.

The efficacy of GlyT2 inhibitors to reduce nociception in
a number of animal models of neuropathic and inflammatory
pain has been reported over the years. However, there are
some conflicting reports on the efficacy and toxicity of these
compounds that can now be re-evaluated in the light of our
findings. In one study by Morita et al. (2008), Org-25543
reduced nociceptive behaviour after partial sciatic nerve liga-
tion and in a diabetic neuropathic pain model in mice with
an EDs, value of 0.07-0.16 mg-kg™' when administered i.v.
and a minimal active dose of 0.01 mg-kg' (Morita et al.,
2008). While brain levels of the compound at this minimal
active dose fell below detection levels in our study, these
findings are consistent with our observed minimal active
dose and EDs,, both much lower than what would be
expected by the in vifro compound affinity for GlyT2. This
reported efficacy can be attributed to an on-target effect in
the light of our finding that Org-25543 behaves as a biologi-
cally irreversible inhibitor of GlyT2. The same cannot be said
about the reported efficacy of ALX-1393 when administered
peripherally at 0.01 mg-kg™ in the partial sciatic nerve liga-
tion model and at 0.1 mg-kg™' in the streptozotocin diabetic
neuropathy model (Morita et al., 2008), a phenotype not
consistent with an on-target effect given the inability of ALX-
1393 to cross the blood brain barrier.

This second compound has been the most extensively
characterized one in animal models, and albeit with varia-
tions among studies, seems to have a narrow efficacy window
characterized by toxicity at the highest doses. When deliv-
ered intrathecally, ALX-1393 has been reported to have effi-
cacy with a minimal active dose of 10 ng in three neuropathic
and inflammatory models in mice (Morita ef al., 2008) or
20 pg in the formalin pain model in rat without any associ-
ated motor or respiratory function disturbance (Haranishi
etal., 2010). A third study by Hermanns and collaborators
failed to detect antinociception at doses lower than 100 pg
when delivered intrathecally in the chronic constriction
injury model in rats (Hermanns et al., 2008). This minimal
active dose was accompanied by serious side effects, includ-
ing major respiratory depression (Hermanns et al., 2008), a
toxic phenotype also observed by Haranishi ef al. (2010) at a
dose of 60 ug. The toxic phenotype reported for ALX-1393



closely resembles that described for the first generations of
GlyT1 inhibitors. This observation would be consistent with
the elevated local concentration created by intrathecal deliv-
ery of ALX-1393 and the limited selectivity on GlyT2 versus
GlyT1 that we report here. Collectively, these data and our
findings suggest that the two unrelated GlyT2 inhibitors
developed by pharmaceutical companies had a number of
undesirable effects that seriously restricted their therapeutic
window and questioned the viability of targeting GlyT2 as a
therapeutic approach.

Several approved drugs act through an irreversible mode
of action, either by covalent binding or by having a very slow
dissociation rate from their targets (Copeland et al., 2006;
Singh et al.,, 2011). This property can bring in significant
pharmacodynamic and selectivity advantages when no
on-target toxicity is present, as in the case of the irreversible
monoamine oxidase inhibitors rasagiline and selegiline
(Riederer and Laux, 2011). In other cases, such as in the
irreversible inhibition of platelet COX by aspirin, this mode
of action might be undesirable and has been circumvented
by developing reversible COX inhibitors (Bunimov and
Laneuville, 2008). Here, we describe for the first time that
inhibitors of GlyT2 can exert an apparent reversible or irre-
versible inhibition of the transporter, leading to a different
safety profile. While chronic dosing with compound 1 would
be needed to rule out any toxicity associated with reversible
GlyT2 inhibition, we show that acute administration of the
irreversible Org-25543 had an excitatory profile leading to
tremor, seizures and mortality, while the closely related, but
reversible compound 1 had a sedative profile instead, com-
parable with that of gabapentin. Therefore by characterizing
two very close analogues with different binding modes to
GlyT2, we have uncovered a scenario where a potential
mechanism-based acute toxicity can be circumvented using
reversible inhibitors.

This new insight is reminiscent of the early days of GlyT1
inhibitors. Despite proven efficacy in animal models of psy-
chosis, the original GlyT1 inhibitors were associated with
serious side effects characterized by decreased respiratory
activity and lethality, which led to the discontinuation of
these programmes (Lindsley, 2010). It was only after the dis-
covery of different chemotypes with different mode of action
that efficacy and toxicity could be separated and the devel-
opment of GlyT1 inhibitors successfully progressed into the
clinic (Harsing et al., 2006; Javitt, 2009). In the case of GlyT1,
the toxic hyperglycinergic phenotype resulted from sustained
increase in glycine levels leading to excessive inhibition of
postsynaptic targets via glycine receptors. In the case of
GlyT2, sustained inhibition is likely to result in a hypogly-
cinergic phenotype instead (Rousseau et al., 2008), character-
ized by hyperekplexia and convulsions in rodents and
humans carrying mutations (Gomeza et al., 2003; Rees et al.,
2006). Although both transporters could have been regarded
as non-viable targets based on initial limited pharmacological
data, the discovery that compounds with different modes of
action are able to circumvent the initial safety drawbacks
remind us of the importance of understanding the mode of
inhibition before ruling out a novel target as a viable one.

Taken together, our pharmacological comparison of two
closely related GlyT2 inhibitors with different modes of inhi-
bition provides important insights into their safety and effi-
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cacy profiles, uncovering that in the presence of a GlyT2
mechanism-based toxicity, reversible inhibitors might allow a
tolerable balance between efficacy and toxicity. Our findings
also shed light into the drawbacks associated with the early
GlyT2 inhibitors and describe a new mechanism that might
serve as the starting point for new drug development. These
findings have the potential to revive the development of
GlyT2 inhibitors and address an unmet medical need for
chronic pain patients.
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Figure S1 Gabapentin reduces formalin-evoked acute pain.
Quantification of paw lick duration during the early (acute)
and chronic phase in animals treated with formalin. Animals
were pretreated with vehicle (n = 10) or gabapentin 10 (n =
10), 30 (n=10) and 100 mg-kg' (1 = 10). Bars represent mean
+ SEM. *P < 0.05; **P < 0.01; **P < 0.001; one-way ANOVA,
followed by a Dunnett’s multicomparison test.

Figure $2 Pharmacological inhibition of GlyT2 by Org-
25543 reduces formalin-evoked acute pain. Quantification of
paw lick duration during the early (acute) phase in animals
treated with formalin. Animals were pretreated with vehicle
(n=20) or Org-25543 0.02 mg-kg™' (n=10), 0.06 (n=10), 0.2
(n=10), 2 (n =20) and 20 mg-kg™" (n = 10, only six included
in analysis). No significant effect was seen with Org-25543 at
dose levels of 0.02 mg-kg™. Doses 0.06-2.0 mg-kg™' induced a
small, although significant, decrease in the paw lick duration
during the initial 10 min after formalin injection. At
20 mg-kg™', Org-25543 reduced formalin-evoked acute pain
but was accompanied by convulsions and mortality in 4 out
of 10 mice (black diamond). Bars represent mean + SEM.
**P < 0.01; ***P < 0.001; one-way ANova, followed by a Dun-
nett’s multicomparison test. Free brain concentration and
percentage of target occupancy at the end of the experiment
was calculated as described for Figure 1. Abbreviations: n.d.,
non detectable.

Figure $3 Characterization of GlyT1 and 2 transport activity
in Xenopus oocytes. (A) Typical current trace evoked by appli-
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cation of glycine to oocyte expressing GlyT2 transporter. (B)
Transport of glycine by GlyTl and GlyT2 generates a
concentration-response curve with EC50 values consistent
with those previously reported. (C-D) GlyT2 transport activ-
ity, measured as glycine-induced current, is dependent on the
presence of extracellular sodium and chloride. (E-F) Trans-
port activity of GlyT1, but not GlyT2, is sensitive to inhibi-
tion by extracellular Zinc (E) and pH (F), confirming the
specificity for each transporter type. Each point represents
the average response of four to nine oocytes for B and three to
five oocytes for E and F £SEM.

Figure $4 Reversible GlyT2 inhibition has no effect during
the acute phase of the formalin model. Quantification of paw
lick duration during the early (acute) phase in animals treated
with formalin. Animals were pretreated with vehicle (n = 20)
or compound 1 at 1 mg-kg™' (n=10), 3 (n = 10), 10 (n = 10),
25 (n=20) and 100 mg-kg™! (n = 10). Some limited reduction
in paw-licking time was observed in the 25 mg-kg™, but not
at higher dose. Bars represent mean + SEM. ***P < 0.001;
one-way ANOVA, followed by a Dunnett’s multicomparison
test.

Table S1 Activity of Org-25543 against a panel of common
and biologically relevant targets. The pharmacological speci-
ficity of Org-25543 was confirmed by assessment in radioli-
gand binding assays in a broad CEREP screen (Paris, France;
http://www.cerep.fr) and a collection of in-house targets.
Appendix S1 Supplemental methods.
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