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As prevalent as diabetes or Alzheimer’s disease, schizophrenia
affects 1% of the world’s adult population. With an onset in
late adolescence, schizophrenia, a complex psychiatric disorder
characterized by a combination of negative (social withdrawal,
blunting of emotional responses, anhedonia) and positive (hal-
lucinations, delusions, paranoia, disorganized behavior) symp-
toms along with significant cognitive dysfunction, is a debili-
tating disease that requires lifelong, daily maintenance therapy
at a cost to society of $65 billion a year.[1] The prevailing
dogma by which schizophrenia has been managed for decades
states that excessive dopaminergic transmission in the fore-
brain underlies the disease—the so-called “dopamine hypothe-
sis” or “dopamine hyperfunction hypothesis”.[2] The rationale
for this hypothesis is based on the fact that all clinically rele-
vant antipsychotic agents, both typical (haloperidol) and atypi-
cal (clozapine, olanzapine), possess significant antagonist activ-
ity at the dopamine D2 receptor. However, these agents have a

slow onset of action and mainly treat the positive symptoms
of schizophrenia, with limited to no effect on the negative and
cognitive symptoms, thereby representing a substantial unmet
medical need.[3]

The N-methyl-d-aspartate (NMDA) receptor antagonist phen-
cyclidine (PCP) has been shown to induce the positive, nega-
tive, and cognitive symptoms of schizophrenia in healthy pa-
tients, and elicit a resurgence of symptoms in stable schizo-
phrenics.[4] In the clinic, the observation that administration of
the NMDA receptor co-agonist glycine provides a modest im-
provement in schizophrenic patients suggests that increasing
NMDA receptor activation may provide a therapeutic benefit.[5]

These observations led to the NMDA receptor hypofunction
hypothesis as an alternative theory for the underlying cause of
schizophrenia.[6] According to this hypothesis, any agent that
can potentiate NMDA receptor currents, either directly by
action on modulatory sites on the NMDA receptor (such as the
glycine co-agonist binding site) or indirectly by activation of
GPCRs known to potentiate NMDA receptor function (such as
mGluR5), has the potential to ameliorate the symptoms of
schizophrenia.[7]

Glycine is a required co-agonist for the NMDA receptor and
modulates NMDA-dependent excitatory neurotransmission;
therefore, one approach to enhance NMDA receptor function
is to pharmacologically increase synaptic glycine levels.[8] In the
CNS, synaptic glycine levels are regulated by two Na+/Cl�-de-
pendent transporters, glycine transporter type 1 (GlyT1) and
glycine transporter type 2 (GlyT2), which share 50% homology
at the amino acid level.[9] Importantly, GlyT1 distribution mir-
rors NMDA receptor expression suggesting that GlyT1 is opti-
mally positioned to modulate glycine levels near NMDA-recep-
tor-expressing synapses.[10] This strategy has strong clinical sup-
port. Both glycine 1 and sarcosine 2 (a weak selective GlyT1 in-
hibitor) have been shown to improve the positive, negative,
and cognitive symptoms of schizophrenia; however, poor
brain penetration and pharmacokinetics limit their clinical utili-
ty (Figure 1).[11] The first GlyT1 inhibitors were analogues of sar-
cosine, such as NFPS 3, that provided support for the NMDA
receptor hypofunction hypothesis, by selectively elevating gly-
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Figure 1. Structures of glycine (co-agonist of the NMDA receptor), sarcosine
(a weak GlyT1 inhibitor), and NFPS (ALX-5047), the prototypical sarcosine-de-
rived GlyT1 inhibitor.
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cine levels and reversing PCP-induced behaviors in preclinical
animal models (Figure 1).[1, 2, 5] Due to a variety of side effects,
many pharmaceutical companies launched efforts to identify
non-sarcosine-derived GlyT1 inhibitors.[12] While the patent lit-
erature is rich with novel, non-sarcosine-derived GlyT1 inhibi-
tors, reports in the primary literature are only now beginning
to accrue.[13]

In an effort to develop new antipsychotics based on the
NMDA receptor hypofunction hypothesis of schizophrenia, our
laboratory initiated a program to discover potent, non-sarco-
sine-derived GlyT1 inhibitors. A high-throughput screening
(HTS) campaign, employing a [14C]glycine uptake SPA assay,
identified a novel [4-phenyl-1-(propylsulfonyl)piperidin-4-yl]-
methyl benzamide, 4, as a potent, reversible inhibitor of GlyT1
(IC50=135 nm) with high selectivity against GlyT2.[14] Com-
pound 4 was originally prepared for a potassium channel pro-
gram; therefore, eliminating this ancillary pharmacology was a
key objective. In this communication, we report on the optimi-
zation, pharmacology, and in vivo efficacy of advanced ana-
logues of 4 that further validate the NMDA receptor hypofunc-
tion hypothesis in a preclinical behavioral model of prepulse
inhibition where known antipsychotics provide similar, positive
results.
An iterative analogue library synthesis approach was em-

ployed to rapidly develop structure–activity relationships (SAR)
for 4. The initial strategy was to replace the 2-OMe benzamide
moiety with a diverse assortment of functionalized benzamides

in an effort to improve GlyT1 potency and abolish potassium
channel activity. Commercially available 4-cyano-4-phenyl pi-
peridine 5 was converted to the sulfonamide 6 and then hy-
drogenated with Raney nickel to deliver the key aminomethyl
intermediate 7 in excellent yields. Intermediate 7 was then acy-
lated under standard solution phase parallel synthesis condi-
tions to deliver over 200 benzamide analogues, 8 (Scheme 1).
As shown in Table 1, a variety of functionalized benzamides are
tolerated, and not only dramatically improve GlyT1 potency
while maintaining high selectivity, but also abolish the ancillary
potassium channel activity. Clearly, the 2-OMe benzamide
moiety was the key to the undesired ancillary potassium chan-
nel activity, as unsubstituted phenyl 8a, 2-halogen substituted
analogues 8c and 8d, and 3-OMe and 4-OMe (data not
shown), possessed no potassium channel activity. In general, a
wide range of substituents on the phenyl ring was tolerated.
The 6-chloroanthranilic benzamide analogue 8h proved to be
an extremely potent inhibitor (GlyT1 IC50=3.6 nm). Due to a

clean ancillary profile, 8h was further evaluated as a potential
proof of concept compound in rat behavioral models; how-
ACHTUNGTRENNUNGever, 8h was a rodent p-glycoprotein (P-gp) substrate and
could not be developed further.[16]

In an effort to diminish P-gp susceptibility and to enhance
potency, libraries were prepared that incorporated a methyl
group at the a-position of the benzamide nitrogen. Commer-
cially available 4-acetyl-4-phenyl piperidine 9 was converted
into the corresponding oxime 10, and that compound was
subsequently hydrogenated with Raney nickel to provide race-
mic a-methyl amine 11. Chiral preparative HPLC easily separat-
ed the two enantiomeric a-methyl amines, (S)-12 and (R)-12.
Absolute stereochemistry was established by single crystal X-

Figure 2. GlyT1 HTS lead, GlyT1 IC50=135 nm.

Scheme 1. Synthesis of [4-Phenyl-1-(propylsulfonyl)piperidin-4-yl]methyl
benzamides 8. Reagents and conditions: a) n-PrSO2Cl, DIEA, DCM (95%);
b) cat. Raney Ni, H2, MeOH (95%); c) (1) RCOCl, PS-DIEA, DCM, (2) PS-Tris-
ACHTUNGTRENNUNGamine, or (1) RCOOH, PS-DCC, HOBt, DCM, (2) MP-CO3

2� (70–99%). All com-
pounds purified by mass-guided preparative HPLC to analytical purity
(>98%).[15]

Table 1. Structures and activities of benzamide analogues 8.

Compd R GlyT1
IC50 [nm]

[a]

GlyT2
IC50 [nm]

[a]

TauT
IC50 [nm]

[a]

K+

IC50 [nm]
[b]

8a H 66.2 >30000 >30000 >30000
8b 2-OCF3 53.4 >30000 >30000 >30000
8c 2-Cl 10.6 >30000 >30000 >30000
8d 2-F 32.6 >30000 >30000 >30000
8e 2,4-diF 32.1 >30000 >30000 >30000
8 f 2,4-diCl 13.4 >30000 >30000 >30000
8g 2-NH2, 6-F 15.3 >30000 >30000 >30000
8h 2-NH2, 6-Cl 3.6 >30000 >30000 >30000

[a] IC50 values are the average of at least three determinations; TauT is
the taurine transporter. [b] K+ is the undesired potassium channel.
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ray crystallography of a Mosher’s amide analogue (15) of (S)-
12.[17] With enantiomers (S)-12 and (R)-12 in hand, each chiral
a-methyl amine was acylated under standard solution phase
parallel synthesis conditions to deliver ~100 benzamide ana-
logues (S)-13 and (R)-13 (Scheme 2).

Unexpectedly, all of the (R)-13 analogues were uniformly in-
active (GlyT1 IC50>3000 nm). In contrast, the (S)-13 analogues
were either as potent as the des-methyl analogues 8, or signifi-
cantly more potent (up to 10-fold), yet maintained high selec-
tivity relative to GlyT2, TauT, and the ancillary potassium chan-
nel. As shown in Table 2, the simple unsubstituted phenyl ana-
logue (S)-13a (GlyT1 IC50=6.5 nm) is 10-fold more potent than
the des-methyl analogue 8a (GlyT1 IC50=66.1 nm, Table 1) and
is uniformly potent against both rat and mouse GlyT1. Of the
100 analogues prepared, the introduction of the chiral a-
methyl group afforded a number of extremely potent GlyT1 in-
hibitors for further evaluation, such as (S)-13b and (S)-13 f.
However, (S)-13h, the chiral a-methyl analogue of 8h, did not
exhibit heightened potency for human GlyT1 (IC50=2.6 nm),

but provided improved inhibition of rat and mouse GlyT1
(IC50=2.1 nm and 5.1 nm, respectively).
Of these potent analogues, (S)-13h was selected for further

evaluation as a proof of concept compound. Due to the P-gp
issue observed with 8h, brain penetration of (S)-13h was ex-
amined. Clearly, (S)-13h was not subject to P-gp efflux in vitro
in either human or mouse P-gp assays (B-A/A-B ratios of 1.1
and 2.1, respectively) and (S)-13h displayed excellent passive
permeability (Papp=28.0Q10�6 cms�1).[16] In addition, (S)-13h
possessed an ideal log P (2.83) for a CNS agent, a 6.2% free
fraction (protein binding=93.8%) and displayed no significant
off-target activities. Rat pharmacokinetic studies demonstrated
that (S)-13h was a moderate clearance compound (Cl=
22 mLmin�1 kg�1) with a 1.2 hour half-life and modest oral bio-
availability (%F=12). Based on these data, (S)-13h was ad-
vanced into microdialysis and mouse prepulse inhibition stud-
ies.
The ability of (S)-13h to selectively increase glycine levels in

the prefrontal cortex (PFC) of freely moving rats was then eval-
uated.[18] Average basal levels of extracellular glycine were de-
termined to be ~5 mm. After 40 min of basal measurements,
(S)-13h was administered intravenously (i.v.) at 1 mgkg�1,
3 mgkg�1, or 10 mgkg�1. As shown in Figure 3a, a rapid and
sustained increase in PFC extracellular levels of glycine was ob-
served at all three doses of (S)-13h. At the 10 mgkg�1 dose,
the maximal increase in glycine was observed 20 min post-
dose and afforded an over threefold increase in extracellular
glycine ([Gly] ~17 mm or 340% of basal control) with brain
levels for (S)-13h of 1.9 mm. Importantly, (S)-13h selectively in-
creased glycine levels and had no effect on other amino acids
such as glutamate, serine, threonine, alanine and taurine (Fig-
ure 3b).
As (S)-13h selectively increased glycine in rat PFC, we then

evaluated its ability to enhance prepulse inhibition (PPI) of the

Scheme 2. Synthesis of (1S)- or (1R)-[4-Phenyl-1-(propylsulfonyl)piperidin-4-
yl]ethyl benzamides (S)-13 or (R)-13. Reagents and conditions: a) (1) n-
PrSO2Cl, DIEA, DCM (95%), (2) NH2OH, pyridine, reflux; (90%) b) cat. Raney
Ni, H2, MeOH (95%); c) Chiral HPLC; d) (1) RCOCl, PS-DIEA, DCM, (2) PS-Tris-
ACHTUNGTRENNUNGamine, or (1) RCOOH, PS-DCC, HOBt, DCM, (2) MP-CO3

2� (70–99%). All com-
pounds purified by mass-guided preparative HPLC to analytical purity
(>98%).[15]

Table 2. Structures and activities of (S)-13 analogues.

Compd R GlyT1 (h)
IC50 [nm]

[a]

GlyT1 (r)
IC50 [nm]

[a]

GlyT1 (m)
IC50 [nm]

[a]

(S)-13a H 6.3 2.1 9.2
(S)-13b 2-OCF3 11.1 6.3 23
(S)-13c 2-Cl 18.6 14.7 nd
(S)-13d 2-F 16.1 16.7 nd
(S)-13e 2,4-diF 153 25.2 nd
(S)-13 f 2,4-diCl 3.7 1.8 25.2
(S)-13g 2-NH2, 6-F 12.8 9.4 14.1
(S)-13h 2-NH2, 6-Cl 2.6 2.1 5.1

[a] IC50 values are the average of at least three determinations; (h)=
human; (r)= rat; (m)=mouse; nd=not determined. All compounds
>30,000 nm versus GlyT2, TauT and K+ channel.
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rodent acoustic startle response.[19] PPI is a measure of sensori-
motor gating, known to be deficient in schizophrenic patients.
Thus, an enhancement in PPI is consistent with an anti-
ACHTUNGTRENNUNGpsychotic profile. Previous work by Kinney demonstrated that
NFPS 3 enhances PPI in DBA/2J mice, a strain with low levels
of basal PPI, with a level of efficacy comparable to the atypical
antipsychotic clozapine.[20] In the present study, (S)-13h was
found to significantly enhance PPI at three doses (3 mgkg�1,
30 mgkg�1, and 100 mgkg�1 s.c.) and at four prepulse intensi-
ties (5–20 dB above background) in DBA/2 J mice (Figure 4a).
Moreover, (S)-13h had no effect on basal startle amplitude
during no-stimulus trials at all three doses relative to vehicle,
indicating that (S)-13h possessed no sedative properties (Fig-
ure 4b). Brain levels of (S)-13h ranged from 400 nm to
2,300 nm during the time course of the PPI experiment. Thus,
(S)-13h, by selectively increasing extra ACHTUNGTRENNUNGcellular glycine levels in
the PFC through inhibition of GlyT1, enhanced performance
significantly in a behavioral model of sensorimotor gating in
which well characterized antipsychotics show similar effects.
In summary, an HTS campaign identified 4 as a potent, re-

versible and selective GlyT1 inhibitor. An iterative analogue li-
brary synthesis approach rapidly developed SAR for this series
and led directly to the discovery of (S)-13h, a novel, centrally
active GlyT1 inhibitor. (S)-13h selectively increased PFC extra-
ACHTUNGTRENNUNGcellular glycine levels (340% of basal control levels) with no
effect on other amino acids. By selective blockade of GlyT1, (S)-
13h significantly enhanced PPI in DBA/2 J mice, a rodent be-
havioral model sensitive to antipsychotic treatment. These
data provide strong support for the NMDA receptor hypofunc-
tion hypothesis of schizophrenia and the development of
novel antipsychotics. Additional refinements to (S)-13h and re-

lated series of GlyT1 inhibitors are in progress and will be re-
ported in due course.

Keywords: GlyT1 · hypoglutamatergy · NMDA hypofunction ·
schizophrenia · structure–activity relationships
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