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A B S T R A C T

Since the discovery of chlorpromazine in the 1950's, antipsychotic drugs have been the cornerstone of treatment

of schizophrenia, and all attenuate dopamine transmission at the dopamine-2 receptor. Drug development for

schizophrenia since that time has led to improvements in side effects and tolerability, and limited improvements

in efficacy, with the exception of clozapine. However, the reasons for clozapine's greater efficacy remain unclear,

despite the great efforts and resources invested therewith. We performed a comprehensive review of the lit-

erature to determine the fate of previously tested, non-dopamine-2 receptor experimental treatments. Overall we

included 250 studies in the review from the period 1970 to 2017 including treatments with glutamatergic,

serotonergic, cholinergic, neuropeptidergic, hormone-based, dopaminergic, metabolic, vitamin/naturopathic,

histaminergic, infection/inflammation-based, and miscellaneous mechanisms. Despite there being several pro-

mising targets, such as allosteric modulation of the NMDA and α7 nicotinic receptors, we cannot confidently

state that any of the mechanistically novel experimental treatments covered in this review are definitely effective

for the treatment of schizophrenia and ready for clinical use. We discuss potential reasons for the relative lack of

progress in developing non-dopamine-2 receptor treatments for schizophrenia and provide recommendations for

future efforts pursuing novel drug development for schizophrenia.

1. Introduction

Since the serendipitous discovery of chlorpromazine in the 1950's,

antipsychotic drugs (APDs) have been the cornerstone of treatment of

schizophrenia (Lehmann and Ban, 1997). However, 30% of all schizo-

phrenia subjects do not respond to currently available treatments, and

60% have partial response with residual symptoms persisting (Barbui

et al., 2009). Moreover, antipsychotic medications have very limited

effects on negative symptoms (Breier et al., 1994; Kasper et al., 2003;

Marder et al., 1997; Meltzer et al., 1998; Miyamoto et al., 2005) and

cognitive deficits (e.g., working memory, verbal memory, attention,

executive functioning) (Davidson et al., 2009; Green et al., 1997, 2002;

Keefe et al., 1999, 2004, 2006, 2007; Kern et al., 1998; Miyamoto et al.,

2005), and no medications are currently approved for the treatment of

residual psychotic, negative or cognitive symptoms. In addition, me-

tabolic disturbances such as hyperglycemia, hyperlipidemia, obesity

and diabetes can add to the morbidity of schizophrenia and decrease

patient adherence to the required long-term treatment regimens

(Marder et al., 2004). New therapies are needed that provide rapid

improvement in active psychotic symptomatology, negative symptoms,

and cognitive deficits, along with better tolerability. However, there

has been relatively little progress in the development of new treatments

since the introduction of antipsychotic medications.

First generation APDs had high affinity and were full antagonists at

D-2 receptors, while second generation APDs were D-2 receptor an-

tagonists and possessed higher affinity for other neuro-receptors in-

cluding the 5-HT2A receptors (Miyamoto et al., 2012). More recently,

compounds have been developed that represent variations on this D-2

receptor super-family and include partial agonists at the D-2 receptor

(aripiprazole and brexpiprazole), D-3 selective compounds (cariprazine

[Allergan] and F1764 [Pierre Fabre]) and ITI-007 (Intracellular

Therapies) which acts intra and extracellularly and at multiple neu-

roreceptors including D-2 (Lieberman et al., 2016; Durgam et al., 2014;

Rakhit et al., 2014).

Landmark comparative effectiveness studies such as CATIE,

CUTLASS, and EUFEST showed that older and newer medications were

more similar than different (with the greatest exception being cloza-

pine), with the greatest differences being in side effects (Jones et al.,

2006; Kahn et al., 2008; Lieberman et al., 2005). Clozapine is unique in

that it is an effective antipsychotic medication and exhibits therapeutic
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efficacy in some proportion of patients who do not respond to other

antipsychotic medications (Kane et al., 1988). Although clozapine's side

effect profile (agranulocytosis, myocarditis, sialorrhea, weight gain,

seizures) limits its use, there are available treatments to reduce the

cardiometabolic side effects such as metformin (Siskind et al., 2016)

and fluvoxamine (Lu et al., 2004).

Recent antipsychotic drug development has aimed at new molecular

targets other than the D-2 receptor including D-1, D-4, D-3, NMDA, 5-

HT2A, 5-HT2C, M-1,4, H-3, NK-3, and sigma receptors (Karam et al.,

2010; Miyamoto et al., 2012). However, thus far, no compound that

does not possess at least a modicum of affinity for the D-2 receptor and

the ability to attenuate (if not block) neurotransmission by the en-

dogenous ligand DA has been proven to be effective for any symptom

dimension of schizophrenia. Further, while agents that target the D-2

receptor are effective in treating positive symptoms, no compound/

target has proven to be reliably effective in the treatment of cognitive or

negative symptoms. To address these two major problems, in 2003, a

neuropsychopharmacology advisory group working under the auspices

of the NIMH and FDA developed a list of prioritized targets for drug

development for cognitive impairment in schizophrenia (MATRICS)

(Marder, 2006; Tamminga, 2006). Enormous effort and resources have

been invested by academia, industry, public/governmental institutions,

and private/philanthropic organizations to develop and test compounds

active at a number of these targets. However, the results have not been

fruitful, because either the target, the compound, or the way it was

tested failed. Thus, it is imperative to identify alternative strategies for

novel drug development that should be pursued and review what have

we learned from prior experience to inform future efforts so they will be

more successful (Karam et al., 2010).

To address this question, we carried out a comprehensive review of

the literature to determine the fate of previously tested experimental,

non-D-2 receptor, treatments. We searched the PubMed database using

the following search terms: “(schizophrenia or schizoaffective or schi-

zophreniform) and (clinical trial or proof of concept or proof-of-con-

cept)” [initial search performed on 4/3/16]. We also substituted “proof

of principle” for “proof of concept.” We also reviewed the biblio-

graphies of the chosen articles and included any studies that were not

included in our search. We focused our review on the clinical trials with

efficacy outcomes related to positive, negative, and cognitive symp-

toms, as opposed to clinical trials aimed at decreasing side effects, other

non-specific symptoms such as insomnia, or comorbid conditions (e.g.,

alcohol or tobacco use). So, for example, while numerous trials have

been performed with naltrexone/naloxone, we only report on efficacy

outcomes and trials. In addition, we did not include trials of anti-

depressants, anti-epileptics (e.g., lamotrigine, gabapentin, etc.), other

mood stabilizers (lithium, valproic acid), beta blockers, amphetamine-

based stimulants, benzodiazepines, barbiturates, and other hypnotics

and similar medications (e.g., zolpidem, baclofen, fenfluramine). We

did not include trials of agents that are primarily D-2 receptor an-

tagonists, did not include open label trials and did not report on trials

with only biomarker outcomes. Finally, we did not include the majority

of single dose trials or trials with extremely small sample sizes (e.g, less

than 10). Prior studies were examined specifically for; 1) Why did

treatments/targets fail (e.g., methodology, target, pharmacology); 2) Is

further study of these compounds/targets warranted; 3) What are the

implications of this body of resarch for future drug discovery.

Overall we included 250 studies in the review from the period 1970

to 2017 (initial search performed on 4/3/16). They are organized in the

following categories: glutamatergic, serotonergic, cholinergic, neuro-

peptides, hormones, dopaminergic, metabolic, vitamins/naturopathic,

histaminergic, infection/inflammation, and miscellaneous, with a table

corresponding to the narrative commentary for each.

2. Glutamatergic medications

Beginning with the seminal paper by Javitt and Zukin (1991),

hypofunction of N-methyl-D-aspartate (NMDAR) type glutamate re-

ceptors has been hypothesized to play a central role in the pathophy-

siology of schizophrenia (Coyle, 2012; Javitt and Zukin, 1991;

Moghaddam and Krystal, 2012). Due to the toxicity of NMDAR agonists

working through the glutamate site, strategies for pharmacologic en-

hancement of NMDA receptor-mediated neurotransmission have been

pursued through alternative mechanisms.

Co-agonism of the glycine binding site of the NMDA receptor with

glycine, D-serine, D-cycloserine, or D-alanine is one method for enhan-

cing glutamatergic neurotransmission (Table 1). Trials of D-serine and

glycine have been mixed with positive results in early small trials and

negative results in a more recent large, multicenter trial and in trials

when added to clozapine (Buchanan et al., 2007; D'Souza et al., 2013;

Diaz et al., 2005; Evins et al., 2000; Heresco-Levy et al., 2004; Heresco-

Levy et al., 2005; Heresco-Levy et al., 1999; Javitt et al., 2002; Potkin

et al., 1999; Tsai et al., 1998; Tsai et al., 2006; Tsai et al., 1999; Weiser

et al., 2012b). D-serine has recently been shown to reduce negative

symptoms in individuals at symptomatic clinical high risk (CHR) for

schizophrenia (Kantrowitz et al., 2015), in association with reduction in

inflammatory biomarkers.

D-cycloserine is a partial agonist, with net potentiating effects on

NMDAR-mediated neurotransmission only at doses< 100mg. Trials

with D-cycloserine have largely been negative overall with small trials

showing some benefit for negative symptoms in patients taking non-

clozapine antipsychotics, but worsening negative symptoms when

added to clozapine (Cain et al., 2014; Duncan et al., 2004; Goff et al.,

1999a, 1999b, 2005, 2008a; Gottlieb et al., 2011; Heresco-Levy et al.,

2002), or worsening positive symptoms at 100mg (Table 1) (van

Berckel et al., 1999). This may be because D-cycloserine is a partial

agonist of the glycine binding site and acts as an agonist at low doses,

but as an antagonist at higher doses (Emmett et al., 1991).

Another method of increasing glycine concentration at the glycine

binding site is inhibition of the glycine transporter. Sarcosine (N-me-

thylglycine) is a naturally occurring glycine transporter inhibitor that

works at both glycine type 1 (GlyT1) and “System A” type glycine

transporters (Javitt et al., 2005). Several initial trials of sarcosine were

positive (Lane et al., 2005, 2008, 2010; Tsai et al., 2004), but a more

recent trial of sarcosine showed no improvement in PANSS or cognitive

function when used alone (Lin et al., 2017b). Additionally, there was no

improvement in the PANSS score when added to clozapine, as has been

noted with other glutamatergic medications (Lane et al., 2006).

Bitopertin, a high affinity GlyT1 inhibitor, initially demonstrated

significant improvement of negative symptoms in a phase II multicenter

trial of patients with significant negative symptoms, though only among

completers who finished all study procedures (Umbricht et al., 2014a).

Subsequent trials with bitopertin, Org 25935, and AMG-747 were either

mixed or negative on most primary outcomes (Table 1) (Blaettler et al.,

2014; Bugarski-Kirola et al., 2014a,b; Dunayevich et al., 2017). Im-

portantly, however, a very narrow therapeutic window was observed

for these agents.

Positive allosteric modulation of group II metabotropic glutamate

receptors (mGluR2/3), which are typically located on presynaptic

terminals and inhibit neurotransmitter release and modulate neuro-

transmission via G protein coupled second messenger systems, provides

an alternative mechanism to co-agonism of the ionotropic NMDA re-

ceptor (Niswender and Conn, 2010). The initial phase II multicenter

trial of LY2140023 (pomaglumetad), demonstrated dramatic improve-

ment compared to placebo on PANSS total, negative, and positive

subscales, with efficacy nearly equal to olanzapine but with a much

improved safety profile including significant reduction in body weight

and lack of an effect on prolactin levels (Patil et al., 2007). Follow up

studies were equivocal or clearly negative (Downing et al., 2014; Kinon

et al., 2011; Stauffer et al., 2013), though post-hoc analysis suggests

that pomaglumetad may be specifically effective in individuals with

duration of illness ≤3 yrs, especially those without prior exposure to

antipsychotic (Kinon et al., 2015), potentially related to higher basal
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brain glutamate levels observed in this population (Marsman et al.,

2013). Another concern regarding pomaglumetad development is that

in vivo target engagement was not verified at the doses used. Future

studies in early stage populations and using higher dose of medication

may therefore be warranted.

Ampakines bind to an allosteric site of the AMPA receptor and

prolong AMPA receptor depolarization, triggering removal of the

magnesium block from NMDA receptor ion channels. A small trial of

CX516, an ampakine, showed improvement in measures of memory and

attention (Goff et al., 2001), however, a larger follow up trial was ne-

gative (Goff et al., 2008b). Individual trials of piracetam, a compound

that stimulates the AMPA receptor and has a number of additional ef-

fects in the brain, and diazoxide, a positive allosteric modular of

AMPA/kainate receptors, were also preliminarily positive, but require

replication (Akhondzadeh et al., 2002; Noorbala et al., 1999).

Minocycline, a tetracycline antibiotic, has broad effects on several

pathways implicated in schizophrenia including reducing glutamatergic

excitotoxicity and enhancing GluR1 AMPA receptor subtypes in addi-

tion to anti-oxidant, anti-inflammatory, neurotrophic, and anti-apop-

totic properties (Dean et al., 2012; Wang et al., 2005). Trials of mino-

cycline have been mixed and demonstrated improvement in selective

symptom domains (Table 1) (Chaudhry et al., 2012; Kelly et al., 2015;

Khodaie-Ardakani et al., 2014; Levkovitz et al., 2010; Liu et al., 2014).

Memantine, a low-affinity antagonist at the NMDA receptor, has also

been hypothesized to have protective effects against NMDA receptor-

mediated neurotoxicity and anti-inflammatory properties (Wu et al.,

2009). Memantine trials have also demonstrated mixed results (de

Lucena et al., 2009; Lieberman et al., 2009; Omranifard et al., 2015;

Rezaei et al., 2013; Veerman et al., 2016). There have been three trials

of sodium benzoate, a D-amino acid oxidase inhibitor, including one

trial in clozapine-resistant patients (Lin et al., 2017a), that have shown

improvement on composite cognitive measures and variable improve-

ment in PANSS and SANS scores (Lane et al., 2013; Lin et al., 2017b).

While the improvement in cognitive function in two trials is encoura-

ging, the mixed results with respect to positive and negative symptoms

necessitates larger trials of sodium benzoate to clarify its effects. In-

dividual trials of riluzole, a neuroprotective glutamate modulating

agent (Farokhnia et al., 2014), and L-theanine, a neuroprotective NMDA

and AMPA receptor antagonist (Ritsner et al., 2011), were positive, but

were small studies and have yet to be replicated.

3. Serotonergic medications

The serotonin (5-HT) neurotransmitter system has been hypothe-

sized to play a role in the pathophysiology of schizophrenia. Activation

of the 5-HT2A receptor by agonists such lysergic acid diethylamide

(LSD) produces hallucinatory experiences (Glennon et al., 1984), sug-

gesting a possible role for 5-HT2A antagonists as anti-psychotic medi-

cations. Additionally, 5-HT2C receptor agonism has been shown to to-

nically suppress mesocortical, mesolimbic, and nigrostrial

dopaminergic pathways (Gobert et al., 2000).

A number of trials have been performed with agents that target

these receptors such as ritanserin, a 5-HT2A/2C antagonist

(Akhondzadeh et al., 2008b; Den Boer et al., 2000), SR46349B, also a

5HT2A/2C antagonist (Meltzer et al., 2004), vabicarserin, a 5-HT2C

agonist, pimavanserin, a 5-HT2A inverse agonist (Meltzer et al., 2012),

fananserin, a 5-HT2A and D4 antagonist (Truffinet et al., 1999),

mianserin, a 5-HT2A/2B/2C and α2 adrenergic antagonist (Shiloh

et al., 2002), and dimebon, a 5-HT6 antagonist (Table 2) (Morozova

et al., 2012). These trials have yielded mixed results.

Antagonists of the 5-HT3 receptor, which has been shown to mod-

ulate neurotransmitter release in mesocortical and mesolimbic dopa-

mine neurons (Hagan et al., 1993), include medications such as on-

dansetron, tropisetron, and granisetron. Two trials of ondansetron, one

study of granisetron, and one study of tropisetron demonstrated im-

provement in PANSS negative and total symptoms (Akhondzadeh et al.,

2009; Khodaie-Ardakani et al., 2013; Noroozian et al., 2013; Zhang

et al., 2006). Another study of tropisetron found no difference in PANSS

or CANTAB scores (Shiina et al., 2010), but noted an improvement in

auditory sensory gating P50 deficits along with a subsequent trial ex-

amining P50 deficits (Zhang et al., 2012). A brief, small trial of L-

tryptophan, the amino acid precursor to serotonin, was associated with

better performance on several cognitive measures, but no improvement

in symptoms on the PANSS (Table 2) (Levkovitz et al., 2003). A very

recent trial of monotherapy with MIN-101, a sigma 2 and 5-HT2A an-

tagonist, reported improvements in negative symptoms after 12 weeks

of treatment, though these improvements may have been related to

treatment of extrapyramidal symptoms as subjects had been off oral

APDS for only three days before beginning the study drug (Davidson

et al., 2017).

4. Cholinergic medications

The nicotinic cholinergic neurotransmitter system has been im-

plicated in the pathophysiology of schizophrenia. Genetic studies have

shown associations between several nicotinic receptor genes (CHRNA3,

CHRNA5, CHRNA7, CHRNB4) and an increased risk of developing

schizophrenia (Leonard et al., 2002; Schizophrenia Working Group of

the Psychiatric Genomics, 2014). Additionally, postmortem studies

have shown that individuals with schizophrenia have reduced expres-

sion of the hippocampal nicotinic receptors (Freedman et al., 1995).

Nearly all trials of acetylcholinesterase inhibitors including donepezil,

galantamine, and rivastigmine targeting negative and cognitive symp-

toms were negative (Table 3) (Akhondzadeh et al., 2008a; Buchanan

et al., 2008; Dyer et al., 2008; Erickson et al., 2005; Fagerlund et al.,

2007; Freudenreich et al., 2005; Friedman et al., 2002; Keefe et al.,

2008; Kohler et al., 2007; Lee, et al., 2007a; Lindenmayer and Khan,

2011; Mazeh et al., 2006; Sacco et al., 2008; Stryjer et al., 2004; Tugal

et al., 2004).

Trials of varenicline, an α7 nicotinic receptor agonist and α4β2

partial agonist, showed improvements in certain endophenotypic

measures (Hong et al., 2011), reduced urges to smoke and number of

cigarettes (Fatemi et al., 2013; Hong et al., 2011), without significant

improvement in cognitive function or other symptoms and require re-

plication of individual positive findings (Fatemi et al., 2013; Hong

et al., 2011; Shim et al., 2012). A large multicenter trial of AZD3480, an

α4β2 agonist, was negative for improvement in cognitive function

(Velligan et al., 2012). Several small trials of nicotine have been mixed

or negative (Table 3) (Barr et al., 2008; Depatie et al., 2002; Harris

et al., 2004; Jubelt et al., 2008; Ramsay et al., 1970). A small trial of

xanomeline, a type 1 and 4 muscarinic agonist, found that patients

improved significantly on total BPRS and PANSS scores in addition to

tests of verbal learning and short-term memory (Shekhar et al., 2008).

Trials of α7 nicotinic receptor agonists have been mixed. An initial

multicenter trial of TC-5619 demonstrated significant improvement on

cognitive tasks and negative symptoms (Lieberman et al., 2013), how-

ever, a larger multicenter trial was negative (Walling et al., 2016). A

small trial of EVP-6124 demonstrated improvement in mismatch ne-

gativity and P300, but not other endophenotypic measures or cognitive

testing (Preskorn et al., 2014). A larger multicenter trial of EVP-6124

demonstrated benefits on certain cognitive measures with differing

performance on various cognitive tests between medication doses

(Keefe et al., 2015). Unfortunately, EVP-6124 missed its primary end-

points in two subsequent Phase 3 trials (2016). A multicenter trial of

RG-3487 was negative for improvement in MCCB scores, but in post hoc

analyses found an improvement in negative symptoms in patients with

moderate negative symptoms (Umbricht et al., 2014b). Two small trials

of DMXB-A were mixed with one demonstrating improvement in SANS

total score with no improvement in cognitive symptoms using the

MCCB and another showing improvement in the RBANS total score, but

only for the low dose arm of the trial (Freedman et al., 2008; Olincy

et al., 2006). A recent multicenter trial of ABT-126 found no significant
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change in MCCB composite score overall, but showed a treatment-by-

smoking status interaction with significant improvement in MCCB

composite score and verbal learning, working memory, and attention

domains of the MCCB in nonsmokers only (Table 3) (Haig et al., 2016).

5. Neuropeptides, including oxytocin and opioids

Oxytocin is a pituitary neuropeptide synthesized within the hy-

pothalamus (Romano et al., 2015). It modulates a wide range of neu-

rotransmitters, including dopamine. It has been suggested that its me-

chanism of action in schizophrenia may be via modulation of the

mesolimbic dopaminergic system (Macdonald and Feifel, 2012). A

number of trials have assessed oxytocin's effects as an add-on treatment

in schizophrenia, especially effects on social cognition (Table 4). While

some have demonstrated positive effects on only total PANSS scores,

these trials, in particular more recent trials, have been largely negative,

including trials examining effects on cognition or social cognition,

though one trial found improvements on empathic accuracy (Davis

et al., 2014) and another on smell identification (Lee et al., 2013).

Other neuropeptides such as desmopressin have putative mechan-

isms of action similar to oxytocin, while cholecystokinin and its ana-

logue, ceruletide, are also thought to exert influence on the GABAergic

system (Volk and Lewis, 2016). Dextromethorphan is a weak NMDA

antagonist but may also act via anti-inflammatory and neurotrophic

effects (Chen et al., 2012). Opioids, including endorphins and en-

kephalins, opioid antagonists, such as naltrexone, naloxone, and nal-

mefene, and buprenorphine, an opioid partial agonist, are thought to

work via modulatory effects on neurotransmitters implicated in schi-

zophrenia, such as dopamine (Nemeroff and Bissette, 1988). Although a

few early trials were somewhat positive, these trials, including trials of

opioid agonists (e.g., enkephalins, endorphins) and antagonists (e.g.,

naloxone), have also been mostly negative, although a small, crossover

study of buprenorphine did demonstrate an acute effect for buprenor-

phine in unmedicated subjects (Table 4) (Schmauss et al., 1987). Other

studies of neuropeptides either had very small samples sizes or involved

very few doses and were mostly either negative or equivocal (Davis

et al., 2013; Gibson et al., 2014; Peselow et al., 1987; Stein et al., 1984)

(Berger et al., 1981; Gerner et al., 1980; Korsgaard et al., 1981;

Verhoeven et al., 1981).

6. Hormones

Several hormones, particularly neurosteroids derived from choles-

terol, have been tested for efficacy in schizophrenia (Table 5). Preg-

nenolone, for example, has purported stimulatory effects on both GA-

BAergic and NMDAergic mechanisms (Marx et al., 2014). Estrogen, as

well as raloxifene, an estrogen receptor modulator, also have wide

ranging effects, including stimulating effects on neuroplasticity and

neuroprotection (Weickert et al., 2015), as well as effects on neuro-

transmitter systems such as dopamine and serotonin (Fink et al., 1996).

Prostaglandins may have stabilizing effects on neuronal membranes

and may also modulate neurotransmitter systems, such as those related

to dopamine and glutamate (Fenton et al., 2000). Numerous trials have

been performed with these compounds, examining effects on positive,

negative, and cognitive symptoms, as well as functioning. Overall, the

data are mixed, with several trials demonstrating some benefit on at

least one outcome (Marx et al., 2009; Ritsner et al., 2014; Usall et al.,

2011). However, most trials and outcomes were negative. In addition,

many of the trials did not perform intent-to-treat analyses, but rather

reported completers analyses. For example, one trial examined ery-

thropoietin, thought to have neuroprotective, anti-inflammatory, anti-

oxidant, and other effects (Ehrenreich et al., 2004), in male subjects and

reported cognitive but not symptomatic improvements (Ehrenreich

et al., 2007). However, this trial essentially used a completers, rather

than ITT analysis, and therefore should be interpreted with caution.

There were also several trials in which multiple comparisons were notT
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performed when they would have otherwise been necessary (Table 5).

Finally, other trials involving very few doses or subjects were generally

negative and not included (Bigelow et al., 1975; Clark et al., 1975).

7. Dopaminergic medications

As stated above, all currently available antipsychotic medications

work by antagonizing the D2/D3 receptor system. One newer medica-

tion that has demonstrated efficacy, though not in all studies, in schi-

zophrenia is cariprazine (Durgam et al., 2014, 2016; Kane et al., 2015),

a partial agonist which is also D3 preferring (Girgis et al., 2016a),

though is otherwise similar to currently available medications

(Supplementary Table 1). Cariprazine is now FDA approved. ABT-925,

a D3 antagonist, however, did not show benefit (Redden et al., 2011),

while pramipexole, a D3 agonist, did (Kelleher et al., 2012). D4 re-

ceptor antagonists, part of the D2/D3 family of dopamine receptors,

have also failed to demonstrate efficacy (Corrigan et al., 2004; Kramer

et al., 1997). Other dopaminergic mechanisms generally aim to increase

dopaminergic transmission at cortical dopamine receptors, with the

goals of targeting negative and cognitive symptoms. These mechanisms

of action include inhibiting enzymes involved in synaptic degradation

of dopamine (e.g., entacapone) (Kaphzan et al., 2014), or enhancing

dopamine release (e.g., amantadine) (Silver et al., 2005). These trials

have largely been negative (Supplementary Table 1). One particular

trial, the first testing a full D1 receptor agonist, particularly tested the

low dose theory of D1 stimulation and found that while this strategy

may be effective in non-human primates (Castner et al., 2000), it does

not translate to humans and future trials of D1 agonists should use

agents that reach greater and measurable levels of occupancy (Girgis

et al., 2016b). Apomorphine, L-DOPA, and tyrosine (a precursor of

dopamine) have also been tried with mixed results, generally in single

dose or smaller trials (Buchanan et al., 1975; Deutsch et al., 1994;

Ferrier et al., 1984; Levy et al., 1984).

8. Metabolic medications

Thiazolidinediones such as pioglitazone and rosiglitazone are

thought to exert anti-inflammatory effects via their PPAR-gamma

agonism (Supplementary Table 2) (Iranpour et al., 2016). Trials of these

agents have been largely negative, while others have not clearly used

ITT analyses. HMG-CoA reductase inhibitors, (“statins” such as pra-

vastatin) have also been investigated in schizophrenia with primarily

negative results. These medications are also thought to exert anti-in-

flammatory effects (Vincenzi et al., 2014). Insulin has also not de-

monstrated benefit in schizophrenia (Fan et al., 2013).

9. Vitamins/naturopathic medications

A number of vitamins and naturally occurring substances have been

tested in schizophrenia, primarily as supplementation, though many

have other potentially beneficial properties. Resveratrol is naturally

found in a variety of plants and is thought to have anti-inflammatory

properties (Supplementary Table 3) (Zortea et al., 2016). A number of

other compounds such as ginkgo biloba (Maitra et al., 1995), L-carno-

sine (Chengappa et al., 2012), s-adenosyl methionine (Strous et al.,

2009), omega 3 fatty acids (Amminger et al., 2010), and L-lysine, which

is thought to limit nitric oxide synthesis (Zeinoddini et al., 2014), have

a variety of effects, including anti-inflammatory and anti-oxidant, as

well as potential effects on a number of neurotransmitter systems in-

volved in schizophrenia. N-acetylcysteine, a precursor of glutathione,

may work by normalizing glutathione levels and glutamatergic function

via effects on the cystine-glutamate antiporter (Baker et al., 2008). The

potential of other vitamins, such as folate, in schizophrenia is thought

to be related to the need to replace deficiencies observed in schizo-

phrenia. Among this group, the majority of trials and outcomes were

negative. One trial found a benefit for supplementation with folate/B12T
a
b
le
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on the SANS and only when genetic variation for folate absorption was

taken into account (Roffman et al., 2013). Another trial reported that

supplementation with omega 3 fatty acids decreased risk of conversion

to psychosis in a sample at high risk for psychosis (Amminger et al.,

2010). Otherwise, trials were generally negative or mixed

(Supplementary Table 3). There were also several trials with pre-

liminarily positive data that used last observation carried forward for

missing data, or variations of a completers analysis, rather than intent

to treat. Other trials of L-lysine (Wass et al., 2011), ginseng (Chen and

Hui, 2012), and megavitamins were either negative, single blind, or did

not examine between group differences.

10. Histaminergic medications

Histaminergic medications that have been examined in schizo-

phrenia are mostly antagonists at the H3 receptor, which releases

neurotransmitters such as dopamine, acetylcholine, and norepinephrine

(Brown et al., 2001). Trials of H3 antagonists have been negative

(Supplementary Table 4). Histamine-2 receptor activity is also linked

with the activity of several neurotransmitters relevant to schizophrenia,

such as dopamine and GABA, and one study using famotidine was po-

sitive though an LOCF analysis was used (Meskanen et al., 2013). Cy-

proheptadine, which acts as an antagonist or inverse agonist at nu-

merous receptor subtypes, including histamine receptors, has also been

tried with equivocal results (Akhondzadeh et al., 1999).

11. Inflammation/infection

Antibiotics and anti-inflammatory agents have been tested in in-

dividuals with schizophrenia. Several antibiotic agents have putative

mechanisms of action directly related to their antibiotic effects, such as

artemether, azithromycin, trimethoprim, and artemisinin for tox-

oplasma gondii (Dickerson et al., 2009b, 2011; Shibre et al., 2010;

Wang et al., 2014), and valacyclovir for herpes (Prasad et al., 2013) or

cytomegalovirus (Supplementary Table 5) (Dickerson et al., 2009a).

These trials generally recruited individuals who were seropositive for

the microbe in question, and were mostly negative. Anti-inflammatory

agents such as celecoxib, hydroxychloroquine, and aspirin have been

used as non-specific anti-inflammatory agents to counter the cytokine

elevations and other inflammatory abnormalities in schizophrenia

(Brown and Derkits, 2010; Girgis et al., 2014). Trials of celecoxib were

mixed, with two positive and two negative. However, three of the trials

utilized last observation carried forward and are harder to interpret

(Supplementary Table 5). In addition, one trial of 1000mg per day of

aspirin as add on treatment demonstrated improvements in PANSS total

and positive symptoms (Laan et al., 2010).

12. Miscellaneous

A number of other mechanisms have been targeted with limited

success (Supplementary Table 6). Davunetide is a microtubule stabi-

lizing agent that did not show efficacy (Javitt et al., 2012). Adenosine

uptake inhibitors such as dipyridamole and propentofylline, which also

putatively decrease dopamine release, were found to have positive ef-

fects on PANSS total, general, and positive symptom scores in one study

(Akhondzadeh et al., 2000) but not in others (Salimi et al., 2008;

Wonodi et al., 2011). Trials with allopurinol, which also putatively

increases adenosine levels by inhibiting xanthine oxidase, are also

mixed (Weiser et al., 2012a). Trials of rimonabant, an inverse agonist of

the cannabinoid 1 receptor (Kelly et al., 2011), and cannabidiol, which

increases levels of anandamide (Leweke et al., 2012), were mostly ne-

gative. Trials of sildenafil, a phosphodiesterase 5 inhibitor, which is

thought to work downstream from the NMDA receptor, were mixed

(Supplementary Table 6) (Akhondzadeh et al., 2011; Goff et al., 2009).

One small crossover trial of oxygen supplementation demonstrated

some symptomatic and cognitive improvements (Bloch et al., 2012).T
a
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Prazosin, an alpha 1 adrenergic receptor antagonist, was not effective in

schizophrenia, as was MK-077, a partial agonist at the GABA A alpha2/

alpha3 receptor (Buchanan et al., 2011; Lewis et al., 2008). Finally,

while nilvadipine, a non-specific calcium channel antagonist, demon-

strated some efficacy as an add on agent (Yamada et al., 1996), flu-

narizine, which also possesses some D2 antagonist activity, did not

differentiate from haloperidol (Bisol et al., 2008), and a trial of MK-

8998, a specific t-type calcium channel antagonist, was negative

(Supplementary Table 7) (Egan et al., 2013).

13. Discussion and recommedations

In this paper, we comprehensively reviewed experimental, non-D2

antagonist clinical trials in schizophrenia. The dozens of different me-

chanisms of action investigated reflect not only the complexity of the

underlying pathophysiology of the illness, but the important search for

effective treatments of cognitive and negative symptoms. There appears

to be a signal suggesting that enhancement of glutamatergic neuro-

transmission with glycine and sarcosine, but not D-cycloserine or D-

serine, is associated with a modest improvement of negative symptoms,

but only when added to non-clozapine antipsychotics. Interestingly, a

recent trial of sodium benzoate adjuvant therapy improved sympto-

matology of patients with clozapine-resistant schizophrenia (Lin et al.,

2017a) and memantine, an NMDA receptor antagonist, appears to be

more effective when added to clozapine than other antipsychotics

though these results require replication. These results are corroborated

by a meta-analysis of NMDA receptor modulators by Singh et al., who

demonstrated an overall effect size of −0.27 for negative symptoms,

with slightly larger effect size for the aforementioned medications when

added to non-clozapine anti-psychotics (Singh and Singh, 2011). These

results also provide additional evidence to the existing literature de-

monstrating clozapine's ability to potentiate NMDA receptor-mediated

neurotransmission, which may be a clue to its superior efficacy (Evins

et al., 1997; Javitt et al., 2005; Malhotra et al., 1997; Melone et al.,

2001; Yamamori et al., 2014).

Modulation of the neuronal nicotinic acetylcholine receptor appears

to be the most promising current target for the improvement of cog-

nitive symptoms. Though non-specific increases of cholinergic neuro-

transmission with acetylcholinesterase inhibitors do not appear to be

effective, targeted agonists of the α7 nicotinic receptor have demon-

strated some positive results for cognitive function in well-designed

trials. However, these benefits appear in subdomain, rather than com-

posite, measures of cognitive function, and may be more likely to be

detected in subpopulations of the patient population such as non-

smokers (Haig et al., 2016).

Unfortunately, despite a handful of potentially promising targets, due

to significant methodologic limitations and lack of replication, we are

unable to confidently state that any of the experimental treatments cov-

ered in this review are effective for the treatment of schizophrenia. This

conclusion is further corroborated by a recent analysis of meta-analyses of

42 cotreatment strategies in schizophrenia in which the authors were

unable to recommend any adjunctive pharmacotherapy (Correll et al.,

2017). While their analysis focused mostly on medications we did not

review (e.g. antidepressants, mood stabilizers), there was some overlap

(e.g. NSAIDs, hormonal treatments). In this discussion, we will review the

methodologic and theoretical reasons for why this is and suggest possible

ways to limit or reduce these shortcomings in the future.

14. Methodologic issues

There are a number of methodological issues in the studies we re-

viewed that could contribute to both type I (false positive) and type II

errors (false negative). First, the majority of studies reviewed were

significantly underpowered to detect a clinically meaningful effect. Just

16% of the 250 trials reviewed had sample sizes over 100 subjects and

only another 16% had over 50 subjects. Given the exploratory nature of

experimental studies and the resources associated with larger, multi-

center clinical trials, it is understandable that the majority of these

trials were small. However, the results, especially when not replicated,

should be interpreted with caution. Additionally, many of the trials,

particularly those prior to the past decade, failed to clearly define their

primary and secondary outcomes a priori and did not account for

multiple comparisons when reporting their significant results. Along

these lines, missing data were often handled by performing last ob-

servation carried forward or modifications of “completers” analyses,

which violate the necessary assumptions of an intent to treat analysis

and are not considered valid methods for clinical trials in medicine

(Lachin, 2000).

Rising placebo effect rates may also contribute to type II error. In a

meta-analysis of anti-psychotic trials since the 1960s, Rutherford et al.

highlighted a significant rise in the rate of the placebo effect. The

average placebo-treated patient in the 1960s demonstrated a worsening

of 3.5 BPRS points as opposed to an improvement of 3.2 BPRS points for

a placebo-treated patient in the 2000s. Furthermore, the magnitude of

the placebo effect increases with increasing sample size (and subse-

quently number of study sites), which creates a challenge for balancing

statistical power with a rising placebo effect (Rutherford et al., 2014).

The variability of trial designs reviewed is another contributing

factor to replication failure and potential type I or type II error.

Differences in trial design (parallel-group vs. crossover), trial duration,

trial size, number of sites, severity of schizophrenia, phase of illness,

medication dosage, primary and secondary outcomes, and selection of

assessment tools make comparing studies even more difficult. Each of

these factors alone could have significant effects on the outcome of a

study. For example, in their meta-analysis of NMDA receptor mod-

ulators, Singh et al. demonstrated that sarcosine significantly improves

negative symptoms when measured by the SANS, but not the negative

subscale of the PANSS (Singh and Singh, 2011). Additionally, differ-

ences in various cognitive functions between elderly or chronically ill

patients and patients experiencing their first episode of psychosis have

been demonstrated and could have implications for medication inter-

vention (Sponheim et al., 2010; Zanello et al., 2009).

Given the lack of biomarkers to measure treatment response, clin-

ical trials must rely on instruments to measure symptoms and neu-

ropsychological testing to measure cognitive function. While the MCCB,

the current gold standard for cognitive testing in schizophrenia, has

been shown to be reliable with minimal practice effects (Kern et al.,

2008; Nuechterlein et al., 2008), it is still unknown whether or not the

MCCB reflects improvement in cognition from pharmacologic treatment

(Chou et al., 2013). The PANSS and SANS, the most commonly used

instruments to measure negative symptoms in our review, are reliable

instruments with good psychometric properties though they both have

significant limitations that may limit progress in both clinical trials and

the search for biomarkers. These limitations have been described else-

where in more detail (Blanchard et al., 2011), but include concerns

about certain domains assessing cognitive functions (e.g., “attention”

on the SANS) as opposed to negative symptoms (Harvey et al., 2006;

Sayers et al., 1996), failure to make the distinction between “antici-

patory pleasure” and “consummatory pleasure” (Gard et al., 2007), and

reliance on behavioral observations with little assessment of experi-

ential states. The authors also highlight the impact of stigma (Corrigan,

2004), family issues (Hooley, 2007), cognitive function (Bellack et al.,

1994), and socioeconomic stressors on domains such as social and

emotional withdrawal (Blanchard et al., 2011). Notably, following the

NIMH-MATRICS consensus statement on negative symptoms in 2006

(Kirkpatrick et al., 2006), which called for the development of rating

instruments to address some of these limitations, researchers have de-

veloped two new assessment tools: the Clinical Assessment Interview

for Negative Symptoms (CAINS) (Kring et al., 2013) and the Brief Ne-

gative Symptom Scale (BNSS) (Kirkpatrick et al., 2011), both of which

demonstrate good psychometric properties (Horan et al., 2011;

Kirkpatrick et al., 2011).
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15. Theoretical issues

A significant theoretical concern in experimental clinical trials of

schizophrenia is the assumption that the symptoms targeted are caused

by a single underlying disorder with discrete biological underpinnings.

The difficulty researchers have had in finding reliable biomarkers in

schizophrenia is likely illustrative of the shortcomings of this assump-

tion. Furthermore, there is a large amount of etiological hypotheses of

schizophrenia with variable levels of evidence including genetic

(Schizophrenia Working Group of the Psychiatric Genomics, 2014),

neurodevelopmental (Fatemi and Folsom, 2009), inflammatory

(Kirkpatrick and Miller, 2013), immune system disturbances (Eaton

et al., 2006; Horvath and Mirnics, 2014; Sekar et al., 2016), trauma

(Varese et al., 2012), and socioeconomic status (Werner et al., 2007), in

addition to reported dysfunction in over twenty neurotransmitter and

neuropeptide systems (Bernstein et al., 2005; Boison et al., 2012;

Ferrier et al., 1983; Hagan et al., 1993; Heleniak and O'Desky, 1999;

Howes and Kapur, 2009; Javitt and Zukin, 1991; Kulkarni et al., 2001;

Leonard et al., 2002; Lewis et al., 2005; Marx et al., 2006; Morris et al.,

2008; Notarangelo and Pocivavsek, 2017; Palha and Goodman, 2006;

Rich and Caldwell, 2015; Schizophrenia Working Group of the

Psychiatric Genomics, 2014; Schmauss and Emrich, 1985; Spooren

et al., 2005; Vacic et al., 2011; Volk and Lewis, 2016; Yamamoto and

Hornykiewicz, 2004), nearly all of which have been targeted by an

experimental medication, as reviewed above. Though many of these

systems are functionally related and likely not all of these hypotheses

are completely relevant for treatment development, the many possible

pathophysiological roads to the schizophrenia phenotype as currently

defined point toward important considerations for clinical trial design

and also suggest why so many molecules that succeed in animal models

fail in human subjects.

Our current diagnostic criteria for schizophrenia, while reliable and

clinically valuable, might be too broad for the purposes of clinical trials,

as the subjects may be too heterogeneous in underlying pathophy-

siology. A simplified, yet potentially analogous, example is heart failure

(HF). Patients with HF may appear phenotypically similar and share

similar clusters of symptoms including shortness of breath, cough, and

edema. However, the underlying pathophysiology could be ischemic,

viral, autoimmune, nutritional, or rheumatologic, which has important

implications for diagnosis, prognosis, and treatment. Thus, within a

particular trial for schizophrenia, it is possible that a few patients may

have responded significantly to serendipitously personalized treatment,

but the effect would go unnoticed due to the lack of specificity for the

other patients. Moreover, though negative symptom domains are cor-

related with one another, there is a strong possibility that each domain

has a distinct underlying neurobiology with different responses to

various medication. The same could be said for domains of positive

symptoms such as hallucinations, delusions, and thought disorder.

Thus, the use of sum scores in clinical trials, which has been shown to

be problematic in major depression (Fried and Nesse, 2015), may ob-

scure the response of a single symptom domain to a medication, in-

creasing the chance of type II error.

Importantly, while we did not formally assess for publication bias, it

should be noted that we cannot rule out publication bias, as nearly 10%

of papers we reviewed were from a single group who reported positive

trials in 23 out of 24 studies (Akhondzadeh et al., 1999, 2000, 2002,

2003, 2005, 2007, 2008a, 2008b, 2009, 2011; Farokhnia et al., 2013,

2014; Ghanizadeh et al., 2014; Hosseini et al., 2014; Iranpour et al.,

2016; Khodaie-Ardakani et al., 2013, 2014, 2015; Modabbernia et al.,

2013; Noorbala et al., 1999; Noroozian et al., 2013; Rezaei et al., 2013;

Salimi et al., 2008; Zeinoddini et al., 2014).

16. Future directions

Based on the findings of this review, we propose several re-

commendations for future trials of experimental agents in schizo-

phrenia. First, we must ensure that future trials are conducted appro-

priately. This includes parallel-group design, adequate sample sizes and

reliable outcome measures to increase power, proper handling of

missing data, and clearly defined outcome measures. Trials should be of

adequate length (at least 12 weeks) particularly for negative and cog-

nitive symptoms (Kemp et al., 2010; Kirkpatrick et al., 2001), which

may take longer to improve than positive symptoms. It is important to

continue studying factors associated with the placebo response in

schizophrenia in order to minimize its effects (Kemp et al., 2010). We

must continue the efforts to create reliable, data-driven, and biologi-

cally informed instruments such as the CAINS and BNSS, while also

considering the importance of individual symptom domains. In an at-

tempt to reduce heterogeneity, we should pursue the study of more

homogenous patient sub-groups or stages of illness such as clinical high

risk patients, patients experiencing their first episode of psychosis, or

those suffering from the deficit syndrome, which has distinct features

separating it from other forms of schizophrenia (Kirkpatrick et al.,

2001). We should continue the search for biomarkers and en-

dophenotypes to provide targets with better understood neural sub-

strates and more objective markers of treatment response. For example,

an imaging-based glutamate system marker could could have de-

termined whether failed trials of pomaglumetad (Kinon et al., 2011)

used inadequate doses to engage the glutamate system, or whether it

may have failed despite engaging its target (i.e., mGluR 2/3). Finally,

the numerous genes associated with schizophrenia provide a large and

diverse array of molecular targets and effort must be expended to un-

derstand the biology of the implicated loci and genes (Schizophrenia

Working Group of the Psychiatric Genomics, 2014). Choosing drug

targets with human genetic evidence has been estimated to double the

success rate in clinical drug development (Nelson et al., 2015). Though

there are few clear targets to date, the identification of functionally

relevant genetic loci such as the complement component 4 gene and

SETD1A is beginning to point toward novel therapeutic pathways

(Sekar et al., 2016; Singh et al., 2016). Combining well-designed clin-

ical trials with careful patient selection and medications with strong

biologic support is the most tractable way forward for the development

of new treatments for schizophrenia. Ultimately, this approach forms

the basis for personalized medicine which is beginning to transform

other disciplines of medicine and will hopefully begin to impact psy-

chiatry in the coming years.
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