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Abstract: Objective: Research has implicated glutamatergic projections between the various frontal subregions in the pathogenesis of compul-

sivity and impulsivity. Reducing striatal glutamate release, or antagonising the action of glutamate at its receptors, may therefore represent vi-

able treatment strategies. Several glutamatergic agents with regulatory approval for other indications are available and may be of potential 

benefi t in the treatment of compulsivity/impulsivity in psychiatric disorders in paediatric patients. Method: This review was performed accord-

ing to PRISMA guidelines and evaluates available scientifi c literature concerning the use of glutamatergic agents in these patients, in order to 

determine their reported effectiveness/effi cacy and tolerability/safety. Results: Out of a total of 1,426 publications, 21 trials examining six glu-

tamatergic substances in patients with obsessive-compulsive disorder, autism spectrum disorders, and attention defi cit/hyperactivity disorder 

were included. Conclusions: Trial designs as well as results were heterogeneous and thus comparability was limited. Available data support the 

hypothesis that glutamatergic agents are of potential value in the treatment of compulsivity/impulsivity in children and adolescents. Based on 

the data reviewed, memantine and N-acetylcysteine suggest the best risk-benefi t profi le for future trials. Riluzole should primarily be further 

investigated in adults. Clinical research of this nature is a key element of the TACTICS Consortium project funded by the European Union (FP7).
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Introduction

Compulsivity is a cross-disorder symptom domain obser-
ved in several psychiatric disorders, in particular in obses-
sive-compulsive disorder (OCD), autism spectrum disor-
ders (ASD), and attention defi cit/hyperactivity disorder 
(ADHD). Compulsivity is defi ned as the repetitive, irresis-
tible urge to perform a certain behaviour, the experience 
of loss of voluntary control over this intense urge, the di-
minished ability to delay or inhibit thoughts or behavi-
ours, and the tendency to perform repetitive acts in a ha-
bitual or stereotyped manner (Chamberlain, Fineberg, 
Blackwell, Robbins, & Sahakian, 2006). This trait is close-
ly linked to impulsivity and addictive behaviour (Cham-
berlain et al., 2006; Koob & Le Moal, 1997). Compulsivi-
ty-related disorders often commence in childhood and 
persist into adulthood (Billstedt, Gillberg, & Gillberg, 
2007; Kessler et al., 2005; Lewin, Storch, Geffk  en, Good-
man, & Murphy, 2006). 

Research has implicated frontostriatal neural circuits in 
the aetiology of compulsivity (Fineberg et al., 2010) and 
these circuits display a relatively rich glutamatergic recep-
tor density (Monaghan, Yao, & Cotman, 1985). Neuroima-
ging studies have confi rmed that glutamatergic projec-
tions between the various frontal subregions and the 
striatum play a key role in the regulation of compulsive 
behaviours in humans (Monaghan et al., 1985; Naaijen, 
Lythgoe, Amiri, Buitelaar, & Glennon, 2015; Rosenberg et 
al., 2000). Modulating striatal glutamate release, or its ac-
tion at receptors, may therefore represent viable treatment 
strategies for compulsivity. Javitt reviewed the potential 
role of glutamate modulators in the treatment of neuro-
psychiatric disorders and expressed the expectation that 

progress in development of glutamatergic therapies will 
accelerate as more and more substances become generally 
available (Javitt, 2004).

The aim of the currently ongoing multicentre EU-fun-
ded TACTICS project (Translational Adolescent and 
Childhood Therapeutic Interventions in Compulsive 
Syndromes; http://www.tactics-project.eu/) is to identify 
the genetic, molecular, and neural factors that underlie 
the pathogenesis of compulsivity by investigation of ani-
mal models and human subjects. A cross-disorder ap-
proach enables dissection of trait-related and disorder-
modifying factors. One further aspect of the TACTICS 
project is to investigate glutamatergic agents in preclini-
cal animal models as well as in paediatric patients (child-
ren and adolescents) in order to assess their eff ectiven-
ess/effi  cacy and tolerability/safety. This review evaluates 
the available literature on the eff ectiveness/effi  cacy and 
tolerability/safety of glutamatergic agents in paediatric 
patients suff ering from three disorders that share the 
symptom domain of compulsivity and impulsivity as an 
integral part of their psychopathology.

Obsessive-Compulsive Disorder

Obsessive-compulsive disorder (OCD) typically mani-
fests in late childhood and aff ects 0.25 % to 4 % of child-
ren and adolescents and 2.5 % of the adult population 
worldwide (Douglass, Moffi  tt, Dar, McGee, & Silva, 1995; 
Flament et al., 1988; Heyman et al., 2001; Nestadt et al., 
2009). OCD is characterised by repetitive thoughts, im-
pulses or images (obsessions) and/or repetitive behavi-
ours or mental acts (compulsions) (American Psychiatric 

Glutamaterge Substanzen in der Behandlung von Zwanghaftigkeit und Impulsivität in der Kinder- und Jugendpsychiatrie: eine systemati-

sche Übersichtsarbeit

Zusammenfassung: Fragestellung: Forschungsergebnisse legen eine wesentliche Beteiligung von glutamatergen Bahnen zwischen den sub-

frontalen Hirnarealen bei der Pathogenese von Zwanghaftigkeit und Impulsivität nahe. Daher stellen eine Reduktion der Freisetzung von Glut-

amat im Striatum oder die Antagonisierung von Glutamat am Rezeptor mögliche Behandlungsansätze dar. Diverse glutamaterge Substanzen 

sind in anderen Indikationsbereichen zugelassen, könnten aber auch von Nutzen bei der Behandlung von Zwanghaftigkeit und Impulsivität im 

Rahmen kinder- und jugendpsychiatrischer Störungsbilder sein. Methodik: Diese Übersichtsarbeit wurde gemäß der PRISMA-Leitlinien erstellt 

und evaluiert die verfügbare wissenschaftliche Literatur hinsichtlich der Wirksamkeit und Verträglichkeit von glutamatergen Substanzen in der 

Behandlung von Zwangsstörungen, Autismus-Spektrum-Störungen und Aufmerksamkeitsdefi zit-/Hyperaktivitätsstörungen bei Kindern und 

Jugendlichen. Ergebnisse: Aus einer Gesamtzahl von 1‘426 Veröffentlichungen wurden 21 Studien, welche sechs glutamaterge Substanzen in 

diesen Populationen untersuchten, in die Auswertung eingeschlossen. Schlussfolgerungen: Designs und Ergebnisse der eingeschlossenen 

Studien zeigten eine deutliche Heterogenität. Deren Vergleichbarkeit war daher eingeschränkt. Die verfügbaren Daten unterstützen die Hypo-

these, dass glutamaterge Substanzen einen potentiellen Nutzen in der Behandlung von Zwanghaftigkeit und Impulsivität bei Kindern und Ju-

gendlichen haben. Darüber hinaus ließen die Ergebnisse für Memantin und N-Acetylcystein das beste Risiko-Nutzen-Profi l für zukünftige kli-

nische Studien bei Kindern und Jugendlichen mit Zwangsstörungen und Autismus-Spektrum-Störungen vermuten. Riluzol sollte zunächst in 

Studien an erwachsenen Patienten weiter untersucht werden.

Schlüsselwörter: Glutamat, Zwanghaftigkeit, Impulsivität, klinische Studien, systematische Übersichtsarbeit
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2008; Wolff , Hazlett, Lightbody, Reiss, & Piven, 2013). 
FXS is suspected to be the underlying cause for autistic 
symptoms in approximately 5 % of cases diagnosed with 
autism (Budimirovic & Kaufmann, 2011; McLennan, Pol-
ussa, Tassone, & Hagerman, 2011). Research has de-
monstrated that many fragile X phenotypes are attributa-
ble to an interplay between FMRP and glutamate 
signalling at the synapse (Sourial et al., 2013). Preclinical 
studies have generated promising fi ndings concerning 
the therapeutic value of glutamate receptor blockers in 
FXS (Hagerman, Lauterborn, Au, & Berry-Kravis, 2012; 
Pop et al., 2014). A small number of published studies 
have evaluated glutamatergic agents in clinical samples 
(Erickson et al., 2011). 

Attention Defi cit/ Hyperactivity Disorder

Attention defi cit/hyperactivity disorder (ADHD) aff ects 
approximately 5 % of all school-aged children worldwide 
and is thus among the most common of all childhood psy-
chiatric disorders (Polanczyk & Rohde, 2007; Polanczyk, 
Willcutt, Salum, Kieling, & Rohde, 2014). ADHD is cha-
racterised by impulsive, hyperactive, and inattentive be-
haviours (American Psychiatric Association, 2013; Bie-
derman & Faraone, 2005). ADHD has been associated 
with reduced health-related quality of life (Klassen, Mil-
ler, & Fine, 2004; Virring, Lambek, Jennum, Møller, 
Thomsen 2017). Research has identifi ed associations bet-
ween ADHD and changes in frontostriatal circuits (Durs-
ton, van Belle, & de Zeeuw, 2011; de Zeeuw, Mandl, Huls-
hoff  Pol, van Engeland, & Durston, 2012). Comparisons 
of ADHD and OCD have revealed both commonalities 
and disorder-specifi c diff erences in terms of frontostria-
tal circuitry (Rubia et al., 2010; Rubia, Cubillo, Woolley, 
Brammer, & Smith, 2011). Firstly, studies of dopamine 
and of glutamatergic systems have associated the NMDA 
receptor with the cognitive memory and attention defi cits 
observed in ADHD (Kotecha et al., 2002). Secondly, ge-
netic research has identifi ed an association between 
ADHD and polymorphisms in the N-methyl-D aspartate 
glutamate receptor 2A gene (Turic et al., 2004). Thirdly, 
atomoxetine acts as an NMDA receptor blocker in clini-
cally relevant concentrations (Ludolph et al., 2010). 
Fourthly, a neuroimaging study of four children with 
ADHD revealed pronounced glutamatergic changes in 
the striatum following treatment with either methylphe-
nidate or atomoxetine (Carrey, MacMaster, Sparkes, 
Khan, & Kusumakar, 2002). Lastly, signifi cant diff eren-
ces in striatal glutamate concentration between adults 
with ADHD and matched controls were reported (Horder 
et al., 2013). Modulation of glutamate may thus represent 
a promising therapeutic strategy.

Association, 2013). Symptoms lead to a pronounced re-
duction in quality-of-life and an increase the risk of suici-
de (Hollander et al., 1996; Kamath, Reddy, & Kandavel, 
2007). Current research on aetiology and pharmacologi-
cal treatment of OCD is inconclusive (Lewin et al., 2006; 
Mancuso, Faro, Joshi, & Geller, 2010; Abdel-Ahad & Ka-
zour, 2013). Recent studies suggest that OCD is characte-
rised by abnormalities of the cortico-striato-thalamo-
cortical (CSTC) circuitry (Brennan, Rauch, Jensen, & 
Pope, 2013; Lewin et al., 2006). Also, several authors 
have hypothesised that abnormalities in glutamate neu-
rotransmission and homeostasis, particularly in the 
CSTC circuitry, contribute to the disorder (Carlsson, 
2000; Carlsson, 2001; Chakrabarty, Bhattacharyya, 
Christopher, & Khanna, 2005; Rosenberg & Hanna, 
2000; Ting & Feng, 2008).

Autism Spectrum Disorders

Autism spectrum disorders (ASD) or pervasive develop-
mental disorders (PDD) in a broader sense are heteroge-
neous neurodevelopmental syndromes that share a cha-
racteristic dyad of defi cits in social interaction and 
communication, as well as restricted, repetitive, and ste-
reotyped patterns of behaviour, interests, and activities 
as core symptoms (American Psychiatric Association, 
2013). Core symptom-specifi c pharmacological interven-
tions are scarce and substances like antipsychotics or psy-
chostimulants are mostly used to control co-morbidities 
and co- occurring symptoms such as irritability, inatten-
tion, impulsivity, and hyperactivity (Parellada et al., 2014). 
Recent studies in both animal models of monogenetic 
ASD (de Vrij et al., 2008; Gantois et al., 2013; Pop et al., 
2014; Silverman, Tolu, Barkan, & Crawley, 2010) and 
small cohort pilot studies (Berry-Kravis et al., 2006; Jac-
quemont et al., 2011) show promising eff ects of glutama-
tergic compounds on stereotypic behaviour and other 
core symptoms (Erickson et al., 2011; Erickson et al., 
2013). There is growing evidence for glutamatergic dys-
regulation/balance in the broader autistic spectrum 
(Bristot Silvestrin et al., 2013; Carlsson, 1998; McDougle, 
Erickson, Stigler, & Posey, 2005).

Fragile X Syndrome

The X-linked genetic disorder fragile X syndrome (FXS) 
is the most common inherited cause of mental retardati-
on and patients show wide variations in psychiatric symp-
toms (Garber, Visootsak, & Warren, 2008; Hersh & Saul, 
2011; Sourial, Cheng, & Doering, 2013). These symptoms 
include compulsive behaviours (Hall, Lightbody, & Reiss, 
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Administration, 2006; Marzullo, 2005; U. S. National Lib-
rary of Medicine, 2014). 

Riluzole

Riluzole (2-amino-6-trifl uoromethoxy benzothiazole) is a 
benzothiazole with neuroprotective, anticonvulsant, an-
xiolytic, and anaesthetic properties (Kretschmer, Kratzer, 
& Schmidt, 1998). Its eff ects are mediated by blo ckade of 
glutamate transmission, the stabilisation of sodium chan-
nels, and blockage of gamma-aminobutyric acid reuptake. 
Riluzole mainly acts on glutamate transmission. In vitro, 
this is mediated predominately by N-methyl-D-aspartate 
(NMDA) receptor-linked processes. Riluzole is authorised 
in Europe and the USA for the treatment of amyotrophic 
lateral sclerosis (European Medicines Agency, 2015a; 
Food and Drug Administration, 2009). 

Methods

This review was performed according to the guidelines set 
forth by the PRISMA statement for systematic reviews and 
meta-analyses (Moher et al. 2009).

Search Strategy

The PubMed library (http://www.ncbi.nlm.nih.gov/
pubmed) was searched for English language studies with 
the key words “glutamatergic” in combination with, “At-
tention defi cit/hyperactivity disorder”, “Autism Spectrum 
Disorder”, “Pervasive developmental disorder”, “Fragile 
X Syndrome” or “Obsessive-compulsive disorder”, res-
pectively. For this report, we focused primarily on studies 
that examined substance eff ects in patients with OCD, 
ASD/PDD, FXS, and ADHD. However, we also included 
studies with related disorders, e. g. trichotillomania (TTM) 
or nail biting. Relevant articles were also selected from re-
ference lists. In order to create a most accurate and up-to-
date database, we also included abstracts from major in-
ternational research conferences. The last search was 
conducted on 19 November 2014 and included all studies 
published by that date.

Selection of Studies

All studies resulting from the search strategy described, 
were reviewed for eligibility by title and/or abstract by two 
of the authors. Any disagreement between reviewers was 
resolved through discussion within our research group. 
Clinical trials were included if they: (1) investigated gluta-

Glutamatergic Agents 
in Neuropsychiatric Disorders

The trials included in the present review investigated a to-
tal of six glutamatergic agents. They are briefl y characte-
rized in the following:

D-Cycloserine

D-cycloserine ((R)-4-amino-1,2-oxazolidin-3-one) is an 
eff ective inhibitor of alanine racemase (Lambert & Neu-
haus, 1972) and a partial agonist at the glycine site of neu-
ronal NMDA receptors (Prosser & de Carvalho, 2013). D-
cycloserine is authorised in Europe and the USA as a 
second-line therapy for tuberculosis (Ramachandran & 
Swaminathan, 2015).

Memantine

Memantine (3,5-dimethyladamantan-1-amine) antagoni-
ses the action of glutamate at its receptors, most likely me-
diated principally through the voltage-dependent blocka-
de of current fl ow through NMDA receptor channels 
(Johnson & Kotermanski, 2006; Parsons, Stoffl  er, & Da-
nysz, 2007). Memantine is authorised in Europe and the 
USA for the treatment of moderate to severe Alzheimer’s 
disease (European Medicines Agency, 2015b; Food and 
Drug Administration, 2010). 

Minocycline

Minocycline ((4S,4AS,5ar,12as)-4,7-bis(dimethylamino)-
3,10,12,12a-tetrahydroxy-1,11-dioxo-1,4,4a,5,5a,6,11,12a-
octahydrotetracene-2-carboxamide), a second generation 
tetracycline antibiotic agent, has not only proven to act 
bacteriostatically against a broad spectrum of germs, it 
also possesses anti-infl ammatory and anti-oxidative pro-
perties. Recent research found minocycline to reduce glu-
tamate excitotoxicity and augment neurogenesis (Dean, 
Data-Franco, Giorlando, & Berk, 2012). 

Modafi nil

Modafi nil ((±)-2-(benzhydrylsulfi nyl)acetamide) increases 
vigilance and is approved in the USA for the treatment of 
narcolepsy, obstructive sleep apnoea, and shift work disor-
der (Food and Drug Administration, 2015). Although its 
precise mechanism of action remains unclear, research 
suggests that modafi nil stimulates the release of glutamate 
in both the hippocampus and the thalamus (Gerrard & 
Malcolm, 2007).

N-Acetylcysteine

N-acetylcysteine (2-acetamido-3-sulfanylpropanoic acid) 
is a derivative of cysteine and is authorised in Europe and 
the USA for the treatment of paracetamol (acetamino-
phen) overdose and as a mucolytic agent (Food and Drug 
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study groups are shown in the respective online supple-
mentary tables S1–S6 (ESM 1–ESM 6). Numbers were in-
cluded in this review exactly as provided by the respective 
publications.

Results

Study Selection

1,426 articles were identifi ed using the search strategy de-
scribed above. After exclusion of articles that did not meet 
inclusion criteria (see above), 18 studies remained. For de-
tails of the study selection process see the fl owchart (Figu-
re 1). After adding three recent research conference abs-
tracts, a total of 21 studies investigating six glutamatergic 
drugs were included in this review. These consisted of 
12 RCTs and 9 OLTs. One trial was a randomized double-
blind, placebo-controlled withdrawal trial (Hardan, 2014). 
Four of the OLTs included both paediatric and adult pati-
ents. None of the RCTs used an active control arm. In 14 of 
the included trials, the investigated drug was used as an 
augmentation of a pre-existing medication and/or psycho-
therapy. For two trials, published as research conference 
abstracts, only approximate numbers of patients in each of 

matergic compounds in OCD, ASD/PDD/FXS or ADHD, 
(2) had a randomized controlled double-blind trial (RCT) 
or open-label trial (OLT) design, and (3) included paediat-
ric patients (younger than 18 years, exclusively or parti-
ally), regardless of sample size.

Data Extraction

Data were extracted from full-text articles, if available, 
and included characteristics of the reported study (de-
sign, duration), of the study population (numbers of sub-
jects participating in the trial, completing the trial and for 
each group, mean age and age range, gender ratio) and of 
the medication investigated (substance, daily dose). Pri-
mary outcome measures (as stated by the authors), mean 
changes in these measures, and results from statistical 
tests (pre-post-eff ect comparison in OLTs and group 
comparisons in RCTs) were also recorded. If provided, p-
values from analyses of drug versus placebo group diff e-
rences post-treatment, group main eff ect and interaction 
main eff ect as well as defi nitions and rates of response 
were also extracted. To improve comparability of the re-
viewed studies, eff ect sizes as a dimensionless measure 
of eff ectiveness/effi  cacy were collected, or where possib-
le, derived. F-values from variance analyses were conver-
ted into Cohen’s d values (Cohen, 1988; Thalheimer & 
Cook, 2002). By convention, a value of d higher than 0.2 
is considered small, higher than 0.5 medium, and higher 
than 0.8 large (Cohen, 1988).

If defi nition of response and responder rates were pro-
vided, the number needed to treat (NNT) was calculated, 
which is defi ned as the average number of patients nee-
ded to undergo a certain treatment to allow for one pati-
ent to successfully respond to this treatment (Laupacis, 
Sackett, & Roberts, 1988). Mathematically, the NNT is the 
inverse of the diff erence in responder rates in per cent. In 
order not to overestimate treatment eff ects, the NNT was 
always rounded up to the next whole number (McQuay & 
Moore, 1997).

To further assess tolerability and safety of the glutama-
tergic agents investigated in this review, rates and descrip-
tions of serious adverse events (SAEs) and adverse events 
(AEs) were extracted. Percentages for adverse events were 
calculated for the combined study populations in each of 
the groups “active treatment”, “placebo”, and “open-la-
bel”, separately. Although some publications and research 
conference abstracts did not disclose a complete list of ad-
verse events and, e. g., only listed the three most frequent 
adverse events, it was preferred to include all accessible 
data to minimize the risk of missing potentially harmful 
adverse events in this review. Rates for all SAEs and AEs 
that were reported for at least 5 % of patients in one of the 

Figure 1. Flow diagram depicting the process of study selection for the 

present systematic review according to the guidelines set forth by the 

PRISMA statement for systematic reviews and meta-analyses (adap-

ted from: (Moher et al., 2009)).
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interconnected trials regarding memantine in ASD/PDD 
were presented at the Annual Meeting of the American 
Psychiatric Association (APA) 2014 (at the time of sub-
mission of this review only abstracts were available): 
First, a very large (n  =  906) OLT in paediatric ASD as-
sessed treatment outcome by administration of the Social 
Responsiveness Scale (SRS) (Constantino et al., 2003). 
A total of 59.6 % of patients responded to memantine 
 therapy (Melmed, 2014). In a second study, n  =  479 of 
those subjects that had been confi rmed as responders 
to memantine treatment before (no exact defi nition pro-
vided), subsequently completed a 12-week withdrawal 
trial with a double-blind, placebo-controlled design and 
two memantine dosing possibilities (full dose continuati-
on or ≤ 50 % dose). Loss of therapeutic response (as-
sessed by SRS) was around 65 % in all three groups with 
no statistically signifi cant group diff erences, a result not 
interpreted by the authors in the available abstract (Har-
dan, 2014). The third trial with 121 patients started with 
a double-blind, placebo-controlled phase and included 
an open-label extension phase. Both groups showed sta-
tistically signifi cant improvement in SRS scores by week 
12 with no statistically signifi cant group diff erences (Hen-
dren, 2014).

An OLT in 14 ASD patients reported statistically signifi -
cant improvements for the ABC-C total score as well as the 
subscales ‚hyperactivity‘, ‚impulsivity‘, and ‚stereotypical 
behaviour‘ (Owley et al., 2006). A second OLT found stati-
stically signifi cant improvements measured by the CGI-
Improvement scale plus in the domains ‘language, behavi-
our, and self-stimulatory behaviours’ (Chez et al., 2007). A 
similar third OLT in 18 ASD patients demonstrated statisti-
cally signifi cant improvements for the ABC-C subscale 
‘hyperactivity’ only (Erickson et al., 2007).

An open-label, monotherapy, dose-fi nding, eight-week 
pilot trial investigated 16  paediatric outpatients with 
ADHD (combined subtype). Clinical improvement was as-
sessed using the parent-completed ADHD Rating Scale-IV 
(DuPaul, Power, Anastopoulos, & Reid, 1998) and the in-
vestigator-rated Clinical Global Impression  – Severity 
(CGI-S) (Guy, 1976) scale. Only four patients completed 
the trial (Findling et al., 2007). 

Adverse Events (Table S2)
Six SAEs (0.5 %) were reported for the total of 1,106 pa-
tients participating in six OLTs. All six were reported for 
the same OLT and were not further specifi ed in the res-
pective publication (Melmed, 2014). Mild adverse events 
were recorded in almost all trials but remained transient 
or were common in placebo-treated groups as well. Ex-
cept for headache (7.2 %) and nasopharyngitis (5.3 %), all 
of the AEs occurred less frequently than in 5 % of patients 
in one of the study groups. 

the study groups were provided by the authors. Six trials (5 
RCTs, 1 OLT) included patients with OCD, trichotilloma-
nia or nail-biting, 13 trials (6 RCTs, 7 OLTs) patients with 
ASD, PDD or FXS, and two trials (1 RCT, 1 OLT) patients 
with ADHD. One publication summarized three clinical 
trials (modafi nil in ADHD) by reporting a pooled analysis 
of all three studies (Wigal, Biederman, Swanson, Yang, & 
Greenhill, 2006). Accordingly, this publication was regar-
ded as one study throughout this review. 

Characteristics of all reviewed studies are shown in Tab-
le 1 for RCTs and Table 2 for OLTs, respectively. Results for 
each substance are presented in alphabetical order. 

D-Cycloserine

Treatment Eff ects (Tables 1 and 2) 
One RCT in 30 paediatric patients with OCD found medi-
um treatment eff ects in favour of d-cycloserine, but this 
diff erence between the treatment and control group did 
not reach statistical signifi cance (Storch et al., 2010). Ano-
ther RCT investigated d-cycloserine as augmentation of 
behaviour therapy in OCD. Statistically signifi cant impro-
vements in OCD symptoms were observed both in the 
treatment and the placebo group, yet signifi cant group dif-
ferences could only be shown for time-to-response at the 
post-treatment evaluation. At the one- and three-month 
follow-up, no signifi cant diff erences were observed (Far-
rell et al., 2013). D-cycloserine as monotherapy in ASD 
was evaluated in 12 patients with an open-label study de-
sign. Seven patients showed an improvement on the social 
avoidance subscale of the Aberrant Behavior Checklist-
Community (ABC-C) (Aman, Burrow, & Wolford, 1995). 
Furthermore, 40 % of patients were reported as having re-
sponded to treatment, defi ned as a score of less than or 
equal to 2 on the Clinical Global Impression  – Improve-
ment (CGI-I) (Guy, 1976) scale (Posey et al., 2004). 

Adverse Events (Table S1)
Very few adverse events (AEs) and no serious adverse 
events (SAEs) were reported for d-cycloserine in the trials 
reviewed here. 

Memantine

Treatment Eff ects (Tables 1 and 2)
A fi rst RCT investigated memantine augmentation of ris-
peridone treatment in children with ASD. The group re-
ceiving memantine showed statistically signifi cant better 
improvement in the subscales ‘irritability, stereotypic be-
haviour and hyperactivity’ of the ABC-C compared to the 
placebo group (Ghaleiha, Asadabadi, et al., 2013). Three 
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sitional behaviour, cognitive problems/inattention, and hy-
peractivity as assessed by CPRS-R. Regarding core sympto-
matology improvements in ADHD, measured by ADHD-
RS-IV, an eff ect size of 0.69 (Cohen’s d, group main eff ect) 
for the treatment with modafi nil compared to placebo was 
calculated. In total, 46 % of patients in the treatment group 
were classifi ed as responders (defi ned as a score of less than 
or equal to 2 on the CGI-I scale) vs. 18 % in the placebo group 
which translates to a NNT of 4 (Wigal et al., 2006).

Adverse Events (Table S4)
Eight SAEs were reported for the 635 patients included in 
the analysis of three pooled paediatric trials (Wigal et al., 
2006). None were fatal and all occurred in the group recei-
ving modafi nil (n = 420).

N-Acetylcysteine

Treatment Eff ects (Tables 1 and 2)
Two RCTs in paediatric nail biting and trichotillomania, 
respectively, reported no statistically signifi cant eff ects of 
N-acetylcysteine on nail length or hair pulling compared to 
placebo. In both trials, N-acetylcysteine was used as an 
augmentation of diff erent medications over a period of 12 
and eight weeks, respectively (Bloch, Panza, Grant, Pitten-
ger, & Leckman, 2013; Ghanizadeh, Derakhshan, & Berk, 
2013). In the trial reported by Ghanidzadeh et al., only 25 
out of 49  patients completed the trial with most of them 
not showing up for further study visits. In a third RCT, in-
cluding 31 paediatric patients with ASD, augmentation of 
risperidone therapy with N-acetylcysteine was reported to 
be superior compared to placebo augmentation on the ‘ir-
ritability’ subscale score of the ABC-C. This treatment ef-
fect was statistically signifi cant and showed an eff ect size 
of 0.83 (Cohen’s d, drug versus placebo post-treatment; 
(Ghanizadeh & Moghimi-Sarani, 2013).

Adverse Events (Table S5)
No SAEs were reported for the three included trials. Mild 
AEs occurred (e. g., drowsiness, diarrhoea, nausea, cough, 
etc., approximately 10–20 % each). Rates for these AEs 
were generally higher in the group receiving N-acetylcystei-
ne compared to the placebo group, except for fatigue and 
nausea, which were more common in the placebo group.

Riluzole

Treatment Eff ects (Tables 1 and 2)
One RCT investigating augmentation of risperidone with 
riluzole or placebo in 49 children with ASD/PDD sugges-
ted stronger eff ects of riluzole versus placebo on the 

Minocycline

Treatment Eff ects (Tables 1 and 2)
Only studies investigating minocycline in patients with 
fragile X syndrome (FXS) were found. One RCT included 
paediatric patients only (Leigh et al., 2013), whereas two 
OLTs included both adult and paediatric patients (Pari-
bello et al., 2010; Utari et al., 2010). In the RCT, 55 pati-
ents completed the trial, which incorporated a crossover 
design and used minocycline vs. placebo as an augmenta-
tion therapy. Ratings on the CGI-I scale diff ered statisti-
cally signifi cantly between groups in favour of the treat-
ment group (Leigh et al., 2013).

Augmentation of various pharmacological treatments 
with minocycline was investigated in 20 FXS patients in one 
OLT; the primary outcome measure was the ABC-C total 
score. A statistically signifi cant reduction was noted after 
the treatment phase of eight weeks (Paribello et al., 2010). 

Utari and colleagues retrospectively evaluated the mi-
nocycline treatment of 50 FXS patients. Using a self-deve-
loped parent-questionnaire with a 5-point Likert scale to 
measure change in diff erent domains, 54 % of patients 
were reported to have improved in the domain language, 
30 % in anxiety/moodiness, 44 % in communication, 20 % 
in impulsivity, 50 % in attention, and 12 % in hyperactivity 
(worsened in 14 %) (Utari et al., 2010). 

Adverse Events (Table S3)
While no SAEs were reported for any of the three trials in-
cluded, one RCT investigating minocycline in FXS repor-
ted comparably high rates of mild AEs, predominantly gas-
trointestinal diffi  culties, both for the treatment and the 
placebo group. Both gastrointestinal distress and heada-
che were more common in the placebo than the treatment 
group. Apart from that, AE rates were similar in both 
groups and ranged from 3.0 % to 45.5 % (Leigh et al., 
2013). Combining reports from the two OLTs, gastrointes-
tinal distress occurred as an AE in 25.7 % of patients (Pari-
bello et al., 2010; Utari et al., 2010).

Modafi nil

Treatment Eff ects (Tables 1 and 2)
The publication by Wigal and colleagues reported a compre-
hensive analysis of the pooled data from three paediatric 
trials (n = 638). In all three studies, patients with ADHD re-
ceived modafi nil as monotherapy in a double-blind, place-
bo-controlled design. The authors described a statistically 
signifi cant reduction of symptom severity as measured by 
the ADHD-RS IV, ADHD index score (measured by the re-
vised Conners’ Parent Rating Scales (CPRS-R) (Conners, 
 Sitarenios, Parker, & Epstein, 1998), CGI-I, as well as oppo-
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Table 2. Characteristics of open-label trials included in this review (grouped by substance and in chronological order, n = 9).

Study Subs-

tance 

and di-

agnosis

Design Daily 

dose 

(mg/d)

N total 

(comple-

ted)

Age Primary outcome measure 

and mean changes

p-value for pre-

post change in 

primary out-

come measure

Defi ni-

tion of 

respon-

se

Res-

ponse 

rate in 

%

Posey 2004 

(Posey et 

al., 2004)

D-cyc-

loserine

ASD

Open-label; 

 monotherapy; 

 ascending dosage; 

8 w

0.7, 1.4 

and 

2.8 mg/

kg BW

12 (10) 5–27 ABC-C 

Social avoidance subscale:

14 → 5.8

0.02 CGI-I ≤ 2 40

Owley 2006 

(Owley et 

al., 2006)

Me-

mantine

PDD

Open-label; 

 augmentation 

of various medi-

cations; 8 w

0.4 mg/

kg BW

14 (12) 3–12 

(mean 

7.8)

ABC-C

Total score: 52.7 → 26.9

‘Hyperactivity’ subscale: 

22.2 → 11.0

‘Irritability’ subscale: 11.5 → 6.3

‘Stereotypy’ subscale: 3.9 → 2.3

Total: 0.001 CGI-I ≤ 2 0

Chez 2007 

(Chez et al., 

2007)

Me-

mantine

ASD

Open-label; 

 augmentation 

 various medi-

cations; 1–20 mo

2.5–30 151 

(124)

2.6–

26.3 

(mean 

9.31)

CGI-I

Signifi cant improvements re-

ported for language, behaviour 

and self-stimulatory behavi-

ours.

n/a n/a n/a

Erickson 

2007 

(Erickson 

et al., 2007)

Me-

mantine

PDD

Open-label; retros-

pective chart re-

view; augmentation 

of various medi-

cations; 1.5–56 w

2.5–20 18 (18) 6–19 

(mean 

11.4)

ABC-C

Hyperactivity subscale: 

23.17 → 16.33

No signifi cant changes i n 

other ABC subscales.

0.03 CGI-I ≤ 2 61

Findling 

2007 

 (Findling et 

al., 2007)

Me-

mantine

ADHD

Open-label, 

 dose-fi nding; 

 monotherapy; 8 w

10 or 20 16 (4) 6–12 

(mean 

8.1)

ADHD-IV total score: 

a) 10 mg: 44.6 → 40.9

b) 20 mg: 41.9 → 32.9

 n/a n/a n/a

Melmed 

2014 (Mel-

med, 2014)

(conference 

abstract)

Me-

mantine

ASD

Open-label; 

up to 48 w 

Max : 15

Weight-

based

906 (n/a) 6–12 SRS

n/a

n/a No ex-

act de-

fi nition, 

“based 

on SRS”

59.6 %

Paribello 

2010 

 (Paribello 

et al., 2010)

Minocy-

cline

FXS

Open-label;

augmentation 

of various medi-

cations; 8 w

a) 2 x 50 

b) 2 x 100

20 (19) 13–32 

(mean 

18) 

ABC-C total score

70.26 → 38.90

< 0.001 n/a n/a

Utari 2010 

(Utari et al., 

2010)

Minocy-

cline

FXS

Retrospective 

 evaluation;

Monotherapy; 

2 w–20 mo

25–200 50 (50) 0.3–

25 

(13.3) 

5-point Likert scale, 

 investigator rated

Improvement in

 – Language (54 %)

 – Anxiety/Moodiness (30 %)

 – Communication (44 %)

 – Impulsivity (20 %)

 – Attention (50 %)

 – Hyperactivity (12 %, 

 worsened in 14 %)

n/a n/a n/a

Grant 2007 

(Grant et 

al., 2007)

Riluzole

OCD

Open-label;

augmentation 

of various medi-

cations; 12 w

50–120 6 (6) 8.3–

16.4 

(mean 

14.4)

CY-BOCS total score

28.8 → 17.7

n/a CY-

BOCS ≥ 

30 % ↓

67 %

Abbreviations. ABC-C: Aberrant Behavior Checklist-Community; ADHD: attention defi cit/hyperactivity disorder; ASD: autism spectrum disorder; 

CGI-I: Clinical Global Impression Improvement; CY-BOCS: Children’s Yale-Brown Obsessive Compulsive Scale; FXS: fragile X syndrome; mo: months; 

n/a: not available; n. s.: not statistically signifi cant; OCD: obsessive-compulsive disorder; PDD: pervasive developmental disorder; SRS: Social Res-

ponsiveness Scale; TR-OCD: treatment resistant obsessive-compulsive disorder; TTM: trichotillomania; w: weeks.
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this review are pilot studies and thus, methodological limi-
tations apply and only restricted assumptions can be 
made. It needs to be noted that many of the trials included 
did not use outcome parameters, e. g. questionnaires, 
which explicitly refl ect compulsivity and/or impulsivity. 
Due to the heterogeneity in trial designs and results, each 
compound is discussed separately in alphabetical order.

D-Cycloserine

Two RCTs did not show statistically signifi cant diff erences 
between d-cycloserine and placebo when used as augmen-
tation of behavioural therapy, although a statistically signi-
fi cantly faster treatment progress in patients receiving d-
cycloserine was observed. The observed immediate eff ects 
on processes during CBT as well as the very good tolerabili-
ty/safety profi le may make d-cycloserine an interesting 
compound as a facilitating agent of CBT in further trials. 
Trials investigating the use of d-cycloserine as either mono-
therapy or augmentation in OCD or other disorders to im-
prove impulsivity/compulsivity do not appear reasonable at 
this point in time in view of the limited results available. 

Memantine

Three OLTs in patients with ASD/PDD suggested statisti-
cally signifi cant improvements in irritability, stereotypic 
behaviour, hyperactivity, attention, and memory. At the 
time of analysis, the fi rst results of three large interconnec-
ted trials regarding memantine in ASD/PDD, sponsored 
by Forest Pharmaceuticals Inc., had only been presented 
as conference abstracts with mixed results having been 
reported. Thorough analyses and interpretations were yet 
to be published.

One pilot OLT with only 25 % of patients (n = 4) comple-
ting the trial, was not enough to estimate eff ectiveness of 
memantine monotherapy in ADHD.

This review could not identify trials investigating me-
mantine in paediatric OCD. But, as augmentation therapy in 
adult populations, memantine has been reported to improve 
OCD symptoms and lead to higher response and remission 
rates (Pittenger et al., 2011). Another review focusing on 
paediatric populations concluded that the reported putative 
benefi ts needed further evaluation and no general recom-
mendations for a regular clinical use could be made at this 
point (Hosenbocus & Chahal, 2013). Also, memantine’s so 
far very benefi cial safety and tolerability record was empha-
sized, which was mirrored by the fi ndings of this systematic 
review. Most adverse events resembled those seen in adult 
dementia populations, i. e. headache, dizziness, and vomi-
ting (European Medicines Agency, 2014).

ABC-C subscales ‘irritability, stereotypy, and hyperacti-
vity’ but none of these reached statistical signifi cance. 
Interestingly, 55 % of patients in the active treatment 
group versus 25 % in the placebo group were classifi ed as 
responders (defi ned as a score of less than or equal to 2 on 
the CGI-I scale) which translates to a NNT of 4 (Ghale-
iha, Mohammadi, et al., 2013). 

Grant et al. recently published a placebo-controlled 
phase II RCT of riluzole in paediatric OCD. Sixty patients 
received riluzole for 12 weeks as an augmentation of vari-
ous medications. No statistically signifi cant group diff e-
rences could be shown for the outcome measures of CGI-I, 
the Children’s Yale-Brown Obsessive Compulsive Scale 
(CY-BOCS) (Scahill et al., 1997), and the Children’s Global 
Assessment Scale (C-GAS) (Grant et al., 2014; Shaff er, 
Gould, Brasic, & et al., 1983).

A pilot 12-week OLT evaluated six paediatric treatment-
resistant OCD cases. Four of the patients showed a clini-
cally signifi cant response to treatment, as measured by the 
CY-BOCS and the CGI-I scale; all six opted to continue 
treatment. One of the patients who did not show clinically 
signifi cant improvement during the 12-week trial did so 
thereafter (Grant, Lougee, Hirschtritt, & Swedo, 2007). 

Adverse Events (Table S6)
One case of pancreatitis was reported as an SAE in one 
RCT (Grant et al., 2014). In total, 6.6 % of patients (n = 7; 
across the three included studies) showed transient eleva-
tions of liver function tests. This did not occur in any pati-
ents receiving placebo. Other AEs, e. g. increased salivati-
on, showed roughly similar rates when comparing drug 
and placebo groups. Ghaleiha et al. reported an increase in 
appetite and body weight for subjects that received the 
combination of risperidone and riluzole (Ghaleiha, Mo-
hammadi, et al., 2013).

Discussion

Drug development is a lengthy and costly process (Ciocio-
la, Cohen, & Kulkarni, 2014; Collier, 2009). To date, the 
vast majority of approved compounds have been develo-
ped directly by, or under the sponsorship of, pharmaceuti-
cal companies. Investigator initiated trials (IITs) are rela-
tively rare. In child and adolescent psychiatry, traditionally, 
the interest of the pharmaceutical industry in developing 
novel compounds or seeking approval for compounds indi-
cated in other disorders or age groups has been limited. 
This has led to a widespread use of off -label-prescriptions 
with a general lack of data from large clinical trials that 
have evaluated effi  cacy and tolerability/safety in represen-
tative patient samples. Accordingly, most trials included in 
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(Lafl eur et al., 2006; Grant, Odlaug, & Kim, 2009; Dean 
et al., 2011; Pittenger et al., 2011; Berk et al., 2013). Taking 
into account the good tolerability/safety profi le of N-ace-
tylcysteine, the compound may be a valuable candidate for 
an augmentation therapy in OCD as well as in ASD/PDD.

Riluzole

RCTs failed to confi rm initial promising results from OLTs – 
both in paediatric OCD and ASD/PDD. With very limited 
evidence available, no generally valid assumptions can be 
made (Grant, Song, & Swedo, 2010; Pittenger et al., 2011).

In adults (not included in this review), several case re-
ports, case series, and one pilot OLT have been published 
which all report augmentation with riluzole in treatment-
resistant OCD (Coric et al., 2003; Coric et al., 2005; Mah-
goub, Asemota, & Alexopoulos, 2011; Pittenger, Kelmendi, 
Wasylink, Bloch, & Coric, 2008). They unanimously repor-
ted favourable outcomes for all or most described patients.

Based on the reviewed literature, riluzole may be a valu-
able candidate for multicentre trials in adult rather than 
paediatric OCD. Although riluzole was generally well tole-
rated in the paediatric populations, one case of pancreati-
tis was reported for one of the trials included in the present 
review and another has been described in the literature 
(Pittenger et al., 2008). Currently, it remains unclear whe-
ther this may be a youth-specifi c problem. Nevertheless, 
future trials both in paediatric and adult populations need 
to be carefully set up in order to identify and minimize 
such severe adverse events.

Limitations

The trials included in this review involved a number of de-
sign and methodological limitations: On the study level, 
most trials were pilot studies. Nine out of the included 
21 trials had an open-label design. Some were retrospecti-
ve studies. Only three out of 21 trials investigated mono-
therapy of the respective compound. Hence, reported ad-
verse event rates might be confounded by the augmented 
medication and/or interaction eff ects. Additionally, very 
few publications reported the methods used to assess ad-
verse events. The AE rates presented should not be con-
fused with data from large systematic tolerability/safety 
trials as they only result from information that was provi-
ded by the publications included in this review.

Although recommendations for reporting results from 
 parallel group randomized trials such as the CONSORT 
statement (Moher, Schulz, & Altman, 2001) have been in 
existence for longer than a decade, the collection and re-

Minocycline

Minocycline showed promising results across symptom 
domains as an augmenting agent in the treatment of fragi-
le X syndrome in all three trials included in this review. 
Yet, compulsivity as an outcome parameter was only de-
scribed in one of these trials, with improvement reported 
for 20 % of patients.

From the limited evidence available to date, no valid as-
sumption can be derived regarding minocycline’s effi  cacy 
in improving compulsivity/impulsivity. One trial in treat-
ment-resistant OCD that included nine adult patients 
(therefore not included in this review) showed no statisti-
cally signifi cant eff ect for an augmentation therapy with 
minocycline (Rodriguez et al., 2010). While comparable 
high rates of mild AEs (predominantly gastrointestinal dis-
tress) were reported for the only included RCT, investiga-
ting minocycline, rates were similar for treatment and pla-
cebo groups or even higher in the placebo group suggesting 
other causes than the compound minocycline.

Modafi nil

Evidence for the use of modafi nil in paediatric OCD or 
ASD/PDD is currently not available. In ADHD, however, 
three pooled paediatric trials reported statistically signifi -
cant improvements in various domains of ADHD sympto-
matology as well as in global clinical status. As no specifi c 
outcome parameters for compulsivity were investigated, 
modafi nil seems not to be a candidate for trials focusing 
on such traits/behavioural domains. 

Decreased appetite was one of the most common AEs 
observed and is also a common AE in using psychostimu-
lant medication, e. g. methylphenidate. This is an interes-
ting fi nding since the precise mechanism of action for 
modafi nil is still unclear, and modafi nil and psychostimu-
lants may share a common mechanism leading to a de-
crease in appetite (Davis et al., 2007; Goldfi eld, Lorello, 
& Doucet, 2007). 

N-Acetylcysteine

Evidence for N-acetylcysteine in paediatric populations is 
very limited. Two RCTs suggest that N-acetylcysteine is 
not eff ective in paediatric nail biting and trichotillomania. 
As an augmentation of risperidone therapy, N-acetylcy-
steine may be of benefi t for paediatric ASD patients. This 
was the case in one RCT included in this review. 

In adult OCD, more promising results and at the same 
time a lack of large controlled trials needed for further in-
vestigation and possible validation have been reported 
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