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Mounting evidence indicates that schizophrenia is a disorder that stems frommaladaptive plasticity within neu-
ral circuits and produces broad cognitive deficits leading to loss of autonomy. A large number of studies have
identified abnormalities spanning many neurotransmitter systems in schizophrenia, and as a result, a variety
of drugs have been developed to attempt to treat these abnormalities and enhance cognition. Unfortunately, pos-
itive results have been limited so far. Thismay be in part because the scope of abnormalities in the schizophrenic
brain requires a treatment capable of engaging many different neurotransmitter systems. One approach to
achieving this kind of treatment has been to use neuroplasticity-based computerized cognitive training programs
to stimulate the formation ofmore adaptive circuits. Although the number of studies implementing this approach
has increased exponentially in recent years, effect sizes for cognitive gains have been modest and adherence to
treatment remains an important challenge in many studies, as patients are often required to train for 40 h or
more. In the present paper, we argue that cognitive training protocols will benefit from the addition of cognitive
enhancers to produce more robust and longer lasting targeted neuroplasticity. Indeed, recent data from animal
studies have provided support for combining plasticity-enhancing drugs with tailored behavioral training para-
digms to restore normal function within dysfunctioning neural circuits. The advantages and challenges of apply-
ing this approach to patients with schizophrenia will be discussed.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Cognitive deficits are a core feature of schizophrenia for which there
is no adequate treatment. It is imperative to treat these deficits because
they are the best predictors of a patient's long-term functional outcome
(Harvey et al., 1998; Kitchen et al., 2012; Nuechterlein et al., 2011).
Many neurotransmitter and neuromodulatory systems important for
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cognition and neuroplasticity are altered in schizophrenia, such as the
dopaminergic, glutamatergic, cholinergic, and oxytocinergic systems.
For this reason, several drugs targeting these systems have been used
in clinical trials but with limited efficacy so far.

Another strategy for treating cognitive deficits is the use of comput-
erized neuroplasticity-based training that targets specific cognitive
functions impaired in schizophrenia. Although current evidence indi-
cates that such training programs can be effective at improving cogni-
tion, effect sizes are generally small to medium, and they often require
many hours to be effective, raising the issue of subject compliance in
real-world settings (McGurk et al., 2007; Wykes et al., 2011).

Because drugs that enhance neuroplasticity may increase the effec-
tiveness of cognitive training regimens that are dependent on plastic
neural circuits, Swerdlow (2012) proposed that combining both strate-
gies could achieve synergistic results in schizophrenia. Here we will
build on this idea by presenting evidence of impaired neuroplasticity
in schizophrenia and by examining the findings of many studies using
pharmacological and cognitive training interventions. We will discuss
recent studies that have attempted this approach and propose novel
strategies to optimally harness the neuroplasticity-enhancing effects
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of specific drugs to be used in combination with targeted cognitive
training approaches.

2. Abnormal plasticity in schizophrenia

Although neuroplasticity is an essential feature of our central ner-
vous system that allows it to adapt both function and structure in re-
sponse to an ever-changing environment, its mechanisms can be
maladaptive in certain disease states andmay contribute to the acquisi-
tion and maintenance of symptoms. Maladaptive plasticity refers to
plasticity that disrupts normal function. Tinnitus, the phantom percep-
tion of noise or ringing in the ears, constitutes a relevant example of
maladaptive plasticity that generally appears in some individuals fol-
lowing hearing loss-induced deafferentation (Axelsson and Ringdahl,
1989). The development of tinnitus is associated with plastic changes
in the auditory cortex that lead to a distortion of the cortical representa-
tion of sound frequencies, which in turn contributes to the phantom
percept (Engineer et al., 2013).

Similarly, schizophrenia may constitute another example of altered
sensory systems giving rise to abnormal plasticity. For instance, mis-
match negativity (MMN)—a standard electrophysiological marker of
early auditory processing that relies on short-term plasticity—deficits
are a consistent finding in schizophrenia research (Erickson et al.,
2016). Additionally, some studies show that auditory cortex dysfunc-
tion becomes worse as the disease progresses (Salisbury et al., 2007).
Therefore, it is possible that the functionally impaired sensory cortex
in schizophrenia produces downstream mechanisms that disrupt the
functional and structural integrity of higher-order brain regions, such
as the prefrontal cortex, thus contributing to the emergence of various
cognitive deficits (Vinogradov and Nagarajan, 2017).

Functional magnetic resonance imaging can uncover localized alter-
ations in plasticity that may help explain cognitive deficits observed in
schizophrenia. For instance, when performing a working memory task,
patients with schizophrenia present hypoactivation in the prefrontal
cortex (Subramaniamet al., 2014), aswell as aberrant (andperhaps del-
eterious) functional connectivity between the prefrontal cortex and the
hippocampus (Meyer-Lindenberg et al., 2005). In addition, the ability to
discriminate between internal thoughts from external stimuli may be
impaired in schizophrenia, in part because they have a hypoactive real-
ity monitoring network (Subramaniam et al., 2014). Compelling addi-
tional evidence of abnormal plasticity comes from studies using
transcranial magnetic stimulation that revealed deficits in long-term
potentiation (LTP) and long-term depression (LTD) in schizophrenia
(Cavuş et al., 2012; Daskalakis et al., 2008; Mears and Spencer, 2012;
Strube et al., 2015). A large-scale proteomic and genomic analysis pro-
vided strong evidence of alterations in the expression of many proteins
directly involved LTP and calcium signaling, as well as in the postsynap-
tic density (Föcking et al., 2015). In addition, pyramidal cell somal vol-
ume, and dendritic spine density and number are reduced in the
auditory cortex of patients with schizophrenia (Parker and Sweet,
2017). The aforementioned abnormalities, therefore, may be the conse-
quence of dysfunctional neuronal machinery that itself results from im-
paired synaptic plasticity.

3. Systems targeted by neuroplasticity-enhancing drugs

Abnormal plasticity in schizophrenia is hypothesized to be in part
the result of neurochemical alterations in several neurotransmitter
and neuromodulatory systems (Forsyth and Lewis, 2017). In particular,
the GABAergic and glutamatergic neurotransmitter systems and many
neuromodulators (dopamine, acetylcholine, oxytocin, serotonin, nor-
epinephrine, and others) are critical neuroplasticity regulators and
thus are key targets for the development of drugs designed to improve
cognition in schizophrenia. Herewe reviewevidence of dysregulation in
four major neurotransmitter and neuromodulatory systems in schizo-
phrenia and of efforts to improve cognition using drugs targeting
them. We chose to not include drugs targeting the GABAergic, seroto-
nergic or norepinephrinergic systems, because we believe the currently
available drugs targeting them may not act synergistically when com-
bined with the cognitive training regimens discussed here (for reviews
on these drugs, see (Maletic et al., 2017; Rudolph and Möhler, 2016;
Švob Štrac et al., 2016)).

3.1. The dopaminergic system

Dopaminergic neurons in the dorsal substantia nigra signal salient
events (Comoli et al., 2003). Their projections to the dlPFC predomi-
nantly target D1Rs found in the dendritic spines of layer 3 pyramidal
cells and the sustained firing of these cells is required forworkingmem-
ory (Goldman-Rakic, 1995). Importantly, optimal levels of dopaminer-
gic stimulation in the PFC modulate LTD and LTP (Otani et al., 2015)
and improve working memory by reducing noise through the facilita-
tion of lateral inhibition and reduction in glutamate release (Arnsten
et al., 2015).

Evidence for the pro-cognitive effects of D1R activation comes from
both animal and human studies (Arnsten et al., 2017). In monkeys, ad-
ministration of a D1R agonist reverses haloperidol-induced working
memory deficits, an effect that can last formore than a year after discon-
tinuation of treatment (Castner et al., 2000). Moreover, Vijayraghavan
et al. (2007) showed that D1R stimulation in behaving monkeys en-
hances spatial tuning in PFC neurons. Similarly, a recent study found
that D1R activity is necessary to restore attention following a distracting
stimulus (Jacob et al., 2016).

Interestingly, neurons within the PFC of schizophrenia patients
show an extensive dendritic loss (Garey et al., 1998), reduced cell size,
and impaired activity in layer 3 pyramidal cells (Arion et al., 2015). In
addition, a positron emission tomography (PET) study revealed that
schizophrenia patients have a reduced number of D1Rs in the PFC, a re-
duction that correlates with negative symptoms and cognitive impair-
ments (Okubo et al., 1997). Finally, patients have a blunted capacity to
release dopamine in the dlPFC that may explain the reduced dlPFC acti-
vation observed during working-memory tasks (Slifstein et al., 2015).
Such abnormalities may explain why patients with schizophrenia
have working memory deficits (Frydecka et al., 2014; Park and
Holzman, 1992).

To date, three D1R agonists have been tested in patients with schizo-
phrenia for the treatment of cognitive deficits. In a single dose, random-
ized, cross-over study of dihydrexidine and placebo, researchers found
only a trend towards improved word association and verbal learning
(George et al., 2007). Although there were no significant effects on cog-
nitionwith dihydrexidine, a subsequent study with a small sample-size
using the dihydrexidine enantiomer DAR-0100A showed improve-
ments in working memory in schizotypal personality disorder (Rosell
et al., 2015). In contrast, a more recent study with a larger sample failed
to find any significant effect on working memory after three weeks of
intermittent administration of DAR-0100A in patients with schizophre-
nia (Girgis et al., 2016). Finally, in another study with a limited sample
size due to drug safety concerns, treatment with the D1R agonist
pergolide tended to improve workingmemory, verbal learning, and ex-
ecutive function (McClure et al., 2010). In sum, notwithstanding the
ample evidence for the role of D1R in cognition, efforts to increase its
activity in patients with schizophrenia have yielded mixed results, per-
haps because enhancing D1R activity alone cannot change themaladap-
tive neural circuits formed throughout a patient's life.

3.2. The glutamatergic system

Excitatory neurotransmission in the brain is mainly achieved
through glutamatergic activation of the ionotropic a-amino-3-
hydroxy-5-methyl-4-isoazolepropionic acid (AMPA) and N-methyl-D-
aspartate (NMDA) receptors (Kew and Kemp, 2005). AMPA receptors
are primarily involved in glutamate-dependent depolarization of
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excitatory synapses. In contrast, the NMDA receptor (NMDAR) acts as a
coincidence-detector that requires both the concomitant binding of an
agonist (glutamate) and a co-agonist (D-serine or glycine), in addition
to the depolarization of the postsynaptic membrane, to be activated.
The NMDAR plays critical roles in neuroplasticity, memory, and cogni-
tive function in general. In fact, activation of an NMDAR triggers many
processes required for LTP, such as calcium influx, gene expression,
and protein synthesis (Kandel, 2001).

Substantial evidence indicates that NMDAR hypofunction is a con-
vergence point for schizophrenia symptoms (Balu, 2016; Guercio and
Panizzutti, 2018). Hence, the role of D-serine as an NMDAR co-agonist
and its requirement for LTP and LTD (Papouin et al., 2012) have
prompted investigations of its relationship with schizophrenia. D-
Serine is degraded by D-amino acid oxidase (DAAO), which is activated
byG72, and polymorphisms of the G72 gene are associatedwith schizo-
phrenia (Chumakov et al., 2002). Although one study found no differ-
ence between patients with schizophrenia and controls (Fuchs et al.,
2008), most studies found lower blood D-serine levels in patients with
schizophrenia (Bendikov et al., 2007; Calcia et al., 2012; Hashimoto
et al., 2003), a finding that was corroborated by a recent meta-analysis
(Cho et al., 2016). Remarkably, variants in the gene for serine racemase,
the enzyme that forms D-serine from L-serine, have also been associated
with schizophrenia (Balu et al., 2013; Labrie et al., 2012).

Since the link between NMDARs and schizophrenia has been
established, many strategies have been tested to increase NMDAR activ-
ity, including increasing AMPA activity to indirectly activate NMDARs,
the administration of glycine and D-serine, the use of glycine reuptake
inhibitors, and the administration of D-cycloserine, a partial agonist at
the glycine modulatory site. Although a pilot study found that CX516,
a positive modulator of the AMPA receptor, improved cognition in
schizophrenia (Goff et al., 2001), subsequent work with a greater num-
ber of patients failed to find an effect (Goff et al., 2008). Furthermore,
sarcosine and bitopertin, both glycine reuptake inhibitors, were tested
for cognitive enhancement in schizophrenia. Although evidence for
sarcosine remains mixed (Amiaz et al., 2015; Lin et al., 2017; Tsai
et al., 2004), bitopertin is ineffective for improving cognitive and nega-
tive symptoms in patients with schizophrenia (Bugarski-Kirola et al.,
2017; Kantrowitz et al., 2017).

In contrast, the results with D-serine have been mixed, in part be-
cause of the different doses used, as one study investigating multiple
doses observed that the higher doses (≥60 mg/kg), but not the lowest
one (30 mg/kg), improved cognition in schizophrenia (Kantrowitz
et al., 2010). Other studies in patients with chronic schizophrenia
confirmed that doses above 30 mg/kg improved MMN as well as
neurocognitive and clinical symptoms of schizophrenia, whereas
bitopertin did not produce such improvements (Kantrowitz et al.,
2018). Finally, a recent meta-analysis concluded that although D-
serine is indeed effective for improvingmany schizophrenia symptoms,
the effect sizes remain small to medium (Cho et al., 2016; Kantrowitz
et al., 2018). In sum, evidence indicates the existence of a dysfunction
of NMDARs in schizophrenia and that the administration of D-serine
can improve cognitive deficits.

3.3. The cholinergic system

The cholinergic system is one of themost importantmodulatory sys-
tems in the brain, as it innervates a wide range of cortical and subcorti-
cal regions and is particularly known for its critical role in attentional
processes and for modulating neuroplasticity. Acetylcholine (ACh), the
main neurotransmitter of the cholinergic system, is released from pre-
synaptic neurons and acts on postsynaptic nicotinic (nAChR) and mus-
carinic (mAChR) receptors. The basal forebrain complex, originating in
the nucleus basalis and projecting to nicotinic andmuscarinic receptors
in many cortical regions, is considered a major hub of cholinergic mod-
ulation of cognitive processes (Lucas-Meunier et al., 2003). Activation of
the nucleus basalis has been consistently shown to be a key regulator of
experience-dependent plasticity in the adult brain (Bakin and
Weinberger, 1996; Kilgard and Merzenich, 1998; Puckett et al., 2007).

There is accumulating evidence of a cholinergic system dysfunction
in schizophrenia. Decreased levels of nAChRs were found in many
brain regions of schizophrenia patients, including the hippocampus
and the prefrontal cortex (Breese et al., 2000). Importantly, antagonism
of the mAChRs in non-psychotic individuals results in a syndrome with
schizophrenia-like symptoms (Barak, 2009). Post-mortem analyses indi-
cate that the production of acetylcholine might be impaired in the stri-
atum in schizophrenia (Holt et al., 2005, 1999).

The high prevalence of smoking in patients with schizophrenia and
the fact that some cognitive abnormalities can be improved by nicotine
through smoking or other means has led some authors to hypothesize
that smoking constitutes a form of self-medication (Kumari and
Postma, 2005). Subsequently, using TMS to investigate LTD-like plastic-
ity, Strube et al. (2015) showed that plasticity deficits in schizophrenia
may be ameliorated by smoking.

Furthermore, transdermal nicotine patches in nonsmoking patients
with schizophrenia improve attentional performance (Barr et al.,
2008) and delayed recognition memory (Myers et al., 2004). Similarly,
a nicotine nasal spray in a double-blind placebo-controlled study was
found to decrease reaction time and improve performance in a spatial
working memory task (Smith et al., 2006). Modulation of nicotinic re-
ceptors has been attempted with more selective ligands. For instance,
TC-5619, an alpha-7 nicotinic receptor partial agonist, has produced
mixed results (Lieberman et al., 2013; Walling et al., 2016). In addition,
a large study using the partial agonist encenicline revealed improve-
ments in cognition across multiple measures with medium effect sizes
(Keefe et al., 2015), and research into promising new alpha-7 nicotinic
agonists to enhance cognition is ongoing and warrants replication
(Gee et al., 2017; Haig et al., 2016).

Another strategy to enhance cholinergic activity is to inhibit acetyl-
cholinesterase, the enzyme that degrades acetylcholine. Importantly,
acetylcholinesterase inhibitors improve learning and plasticity in aged
rats (Voss et al., 2016). A study using donepezil (5 mg/day, for
12 weeks) concluded that it was not effective compared to placebo as
an add-on treatment for the improvement of cognitive impairment in
schizophrenia, but the large effect of placebo observed may have
concealed any drug effect (Keefe et al., 2008). More recently, the same
dose of donepezil showed potential in treating working memory and
speed of processing in schizophrenia (Zhu et al., 2014). Although initial
studies investigating galantamine, a drug that not only inhibits acetyl-
cholinesterase but also acts as a positive allostericmodulator of different
types of nAChRs (Samochocki et al., 2003), found positive effects on
memory and attention, (Schubert et al., 2006), visual recognition (Lee
et al., 2007), and processing speed and verbal memory (Buchanan
et al., 2008), a subsequent study where patients received exclusively
long-acting injectable risperidone found no ameliorative effects of gal-
antamine on cognition (Lindenmayer and Khan, 2011).

All in all, the cholinergic system offers many pharmacological tar-
gets, but also great complexity in choosing one of many approaches.
There is plenty of evidence for its involvement in schizophrenia and
its disruption worsens symptoms and leads to a poorer functional out-
come. However, evidence supporting the value of the cholinergic sys-
tem as a key therapeutic avenue remains mixed.
3.4. The oxytocinergic system

Oxytocin is a peptide that can reach targets both through classical
axonal release and through somatodendritic release and diffusion to
the subarachnoid space (Shilling and Feifel, 2016). Oxytocin plays an
important role in shaping behavior, notably affecting maternal behav-
ior, social bonding, and social cognition in mammals (Ross and Young,
2009). In addition, oxytocin is also known to affect learning abilities
and neuroplasticity in many brain regions (Sarnyai and Kovács, 2014).
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Work done in humans has spurred the notion that oxytocin can have
therapeutic value due to its role in social cognition. For instance, the in-
tranasal administration of oxytocin increases the recognition of masked
emotional faces (Schulze et al., 2011), and emotion recognition in gen-
eral (Lischke et al., 2012). Oxytocin can also improve empathic accuracy
in less socially-proficient individuals (Bartz et al., 2010). Importantly,
patients with schizophrenia exhibit impairments in precisely these so-
cial cognitive domains (Green et al., 2015). Finally, social cognitive def-
icits are stable and present from the prodromal stage (Horan et al.,
2012), suggesting a key role for oxytocin in schizophrenia.

Evidence supporting a relationship between oxytocin and schizo-
phrenia comes from studies demonstrating that lower levels of oxytocin
in the cerebrospinal fluid (CSF) were associated with more severe neg-
ative symptoms in patients (Sasayama et al., 2012). Single nucleotide
polymorphisms at the oxytocin receptor were significantly associated
with worse performance on social cognition and social perception
tasks (Davis et al., 2014b). Moreover, a recent review of several clinical
studies described an association between oxytocin and negative symp-
toms of schizophrenia (Shilling and Feifel, 2016).

Many clinical studies have attempted to improve cognition through
the intranasal administration of oxytocin based on results from preclin-
ical models. However, the results have been mixed. Daily intranasal
oxytocin treatment over 14 days improved theory of mind (Pedersen
et al., 2011) and a six-week treatment found improvements in fear rec-
ognition and empathy (Gibson et al., 2014). Moreover, an acute oxyto-
cin treatment improves patients' ability to understand deceitful and
sarcastic communication (Woolley et al., 2014). In contrast, other stud-
ies could not find any positive effect of oxytocin on psychosocial func-
tioning (Cacciotti-Saija et al., 2015; Caravaggio et al., 2017). In sum, as
is the casewith all drug classes tested so far, it is unlikely thatmodifying
one particular neurotransmitter system alone will improve the wide-
ranging deficits observed in schizophrenia.
3.5. Summary

Although compelling evidence shows that the aforementioned sys-
tems are dysfunctional in schizophrenia, and therefore likely contribute
to abnormal plasticity (Table 1), this has not resulted in new drugs
being incorporated into clinical practice because of a lack of strong
and reliable effects on cognition. Because we believe such drugs will
be more useful when combined with a non-pharmacological therapeu-
tic context, we will discuss how their administration can act synergisti-
cally with cognitive training.
Table 1
Neurotransmitter/neuromodulatory systems commonly targeted for cognitive enhancement in
with a variety of drugs has resulted in disappointing results, and none of these drugs have bee

System Potential as a target of neuroplasticity-enhancing
drugs
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LTD in the disorde

Cholinergic Acetylcholine release is a trigger for neuroplasticity,
being able to induce reorganization in the sensory
cortex and improve learning; smoking improves
neuroplasticity in schizophrenia (assessed by TMS)

Lower availability
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in the striatum

Oxytocinergic Influences gaze direction when looking at faces,
stimulates prosocial behavior, modulates amygdala
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4. Cognitive training

Despite our incomplete understanding of the pathophysiology of
schizophrenia, its manifestations are most likely the result of impaired
neural representations that likely result from maladaptive neuroplastic
mechanisms. A traditional view of brain plasticity was that it could only
take place during early developmental time windows known as critical
periods and that afterward, the brain's circuits would be more or less
fixed (Hensch, 2005). Such a view implies that mental disorders are
harder to treat after a person reaches maturity. However, recent studies
have shown that the brain can significantly change even after the clo-
sure of those critical periods (de Villers-Sidani et al., 2010; Recanzone
et al., 1993; Voss et al., 2017).

For instance, transecting the median nerve of an adult monkey –
which innervates the hand – produces a striking remodeling of the
somatotopic map, and causes an expansion of the representation of
the surrounding areas into the deafferented cortex (Merzenich et al.,
1983). Moreover, Merzenich et al. (1984) amputated the fingers 2 and
3 and observed a decrease in the cortical receptive field size of these
fingers coupledwith an increase in the receptive field of the sparred fin-
gers. This implies that removing the normal afferents inputs of a cortical
area causes it to reorganize itself so that it becomes responsive to the
surrounding non-deafferented area. Importantly, such neuroplasticity
has been demonstrated in other sensory systems as well (Buonomano
and Merzenich, 1998).

The pioneeringwork of Dr. Merzenich and others has suggested that
we can harness this neuroplastic property of the adult brain to form
more adaptive brain circuits in a targeted manner. One way to achieve
this is by ensuring that the brain is actively engaged in a rewarding
training that has enough repetitions and an appropriate difficulty level
(Vinogradov et al., 2012). For example, passive auditory tone exposure
in adult monkeys does not change the representation of frequencies in
the auditory cortex, whereas operant frequency discrimination train-
ing—a paradigmwhere animals are rewarded for correct responses—in-
duces plastic changes in the frequency representation of auditory
cortical neurons, whose magnitude correlates with learning perfor-
mance (Recanzone et al., 1993). Importantly, an active operant training
is more effective at inducing cortical plasticity than classical condition-
ing (Blake et al., 2006).

Since many studies have found perceptual and higher-order cogni-
tive deficits in patients with schizophrenia, it is tempting to speculate
that brain training protocols could result in the formation ofmore adap-
tive circuits through experience-dependent plasticity (Vinogradov et al.,
2012). To this end, researchers have used specifically designed cognitive
schizophrenia. Despite strong evidence of alterations in these four systems, targeting them
n approved for treating cognitive deficits in schizophrenia.

izophrenia Evidence of enhanced learning when targeting this
system
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Nicotine improves cognition and plasticity in
schizophrenia; Other cholinergic agents, while
effective in preclinical studies, have yielded mixed
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tocin in the CSF and genetic
xytocin receptor; deficits in
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recognition in schizophrenia; However, its
administration alone does not influence
psychosocial functioning



Fig. 1. Cognitive training as treatment for schizophrenia. Cognitive training exercises are used in both healthy and clinical populations to change neural circuits related to perception and
cognition through non-pharmacological means. Usually performed on a computer, cognitive training can target both bottom-up and top-down aspects of cognition such as auditory tone
discrimination, working memory, and attention in a controlled, precise, and personalized manner. In people with schizophrenia, cognitive gains achieved with training are typically
correlated with functional effects and reductions in medical costs related to treatment. The success of training is, however, limited by patient compliance, as many hours of consistent
training over weeklong periods are required for experience-dependent plastic changes to become stable.
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exercises in a reproducible, extensive, and adaptive manner. Presenta-
tion of the exercises can take different forms, but computers have
made it possible to present controlled and personalized exercises
(Fig. 1). This contrasts with the unrestrained and unpredictable ap-
proaches used in many forms of psychotherapy.

In principle, any cognitive process can be the target of a cognitive
training program. As such, a myriad of different training programs has
been tested with various combinations of cognitive exercises of differ-
ent durations. Typically, studies require patients to train 3–5 h per
week for 4–8weeks. Examples of types of training are workingmemory
tasks (Lawlor-Savage and Goghari, 2014), auditory tone discrimination
(Adcock et al., 2009) and even social cognition training (Nahum et al.,
2014). Two meta-analyses found small to moderate positive effects of
cognitive training in schizophrenia, but neither found specific variables
(i.e., hours of training, type of training, participants' characteristics) that
could explain the variety of outcomes (McGurk et al., 2007;Wykes et al.,
2011). Thismay be the result of the commonpractice of training a broad
array of cognitive functions simultaneously in patients, but could also
result from a lack of specificity of the cognitive training exercises used
in treating the cognitive deficits.

Several studies have shown that cognitive training can improve cog-
nition in schizophrenia, and many neuroimaging studies have demon-
strated complementary evidence of its neuroplasticity-inducing
effects. For instance, 80 h of cognitive training was shown to restore
both medial prefrontal cortex activity and behavioral performance in a
reality monitoring task in patients with schizophrenia (Subramaniam
et al., 2012). In addition, cognitive training improved working memory
performance, which in turn correlated with increased activity in the
middle frontal gyri (Subramaniam et al., 2014). These and many other
studies have shown that schizophrenia does not deprive the brain of
its capacity to undergo extensive neuroplasticity. However, not all defi-
cits appear to be reversible following training. For instance, although au-
ditory cognitive training enhances the MMN response in healthy
subjects (Menning et al., 2000), Biagianti et al. (2017) showed that
MMN deficits are not improved in schizophrenia following cognitive
training. This is perhaps the result of impaired plasticity in
schizophrenia.

Despite the fact that many recent studies have used more specific
types of training in an attempt to target specific cognitive functions,
the limited effect sizes of their results make it uncertain whether
these interventions would prove successful in a clinical setting. As evi-
dence indicates that cognitive gains correlate with functional effects
(Fisher et al., 2010; Wykes et al., 2012), and with reductions in medical
costs (Reeder et al., 2014), cognitive training protocols that result in
greater cognitive enhancing effects may have higher therapeutic
value. Moreover, any behavioral training requires a high level of com-
mitment by the patient, and so a patient's satisfaction with training
might be arguably central to the training's effectiveness (Rose et al.,
2008). Remarkably, a patient's satisfaction with training and self-
esteem correlates with the degree of cognitive improvementwith train-
ing (Rose et al., 2008). Taken together, these studies suggest that train-
ing regimens that result in higher cognitive gains may have more
clinical value.

4.1. Challenges for implementing cognitive training

Nonetheless, despite the seemingly side-effect free nature of these
treatments, their clinical value will also depend on how quickly they re-
sult in real-life changes, as it is reasonable to assume that training pro-
grams that require a lot of effort from patients with mental disorders
(especially schizophrenia) would have a high dropout rate. Further-
more, it is important to highlight that most cognitive training studies
in schizophrenia were conducted among clinically stable participants.
But patients with schizophrenia are often more symptomatic and less
functional than this select group generally studied,meaning that studies
less selective in recruiting participants will have more challenges in
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their implementation, which may impair their effectiveness. For this
reason, increasing the duration of training to increase its effectiveness
may not be possible in everyday clinical practice. In fact, one recent
study examined the feasibility of setting up a program to probe the effi-
cacy of 40 h of cognitive training in inpatient wards (John et al., 2017).
Interestingly, half of the recruited patients chose to not participate and
manywhoagreed to participate did not complete the training, reporting
that it was because they got frustrated for not getting the answers cor-
rectly or because the training was too lengthy and boring.

However, it is true that training must be intensive enough to cause
significant plastic changes in the brain (Vinogradov et al., 2012). Specif-
ically, learning a skill consists of a first phase of rapid behavioral im-
provements that are accompanied by only transient changes in
neuronal excitability. But continuous practice leads to a second phase
where behavioral improvements approach an asymptote as the brain
continues its reorganization (Vinogradov et al., 2012). For instance,
humans trained on a motor task show an increase in performance on
the very first day of training, but activation of the motor cortex became
broader for the trained task only after weeks of training (Karni et al.,
1995; Sale et al., 2017). Importantly, this cortical reorganization
persisted formonths, suggesting the formation of stable representations
after intensive training.

Finally, there is evidence that neuroplasticity may be impaired in
schizophrenia. Training-induced neuroplasticity is dependent on many
neuromodulators involved in arousal, attention, and reward, such as
acetylcholine and glutamate (Vinogradov et al., 2012). As discussed ear-
lier, however, there is plenty of evidence indicating that these systems
are dysregulated in schizophrenia. These systemic impairments make
it more difficult for patients with schizophrenia to benefit from cogni-
tive training paradigms because they likely require a large number of
training sessions. The approach proposed herewould be to restore neu-
rotransmitter imbalances while undertaking cognitive training, namely
the pairing of cognitive training with pharmacological treatment in
order to produce synergistic gains.

Conceivably, such an approach could increase the effectiveness of
other behavioral therapies to treat schizophrenia symptoms, such as
cognitive behavioral therapy and avatar therapy. In fact, evidence indi-
cates that D-cycloserine potentiates the effects of cognitive behavioral
therapy in reducing delusional beliefs in patients with schizophrenia
(Gottlieb et al., 2011). However, here we focus on cognitive training
for a number of reasons. First, because it is composed of repetitive, con-
trolled and well-defined exercises, which facilitates study design and
improves the replicability of findings. In addition, work done in animals
has greatly advanced our understanding of the biological underpinnings
of cognitive training, which will guide the combination of specific
plasticity-enhancing drugs and cognitive training regimens. Finally,
cognitive training is able to tackle several distinct types of deficits in
schizophrenia across many levels, from very basic deficits in perceptual
processes to high-level cognitive processes. In contrast, psychotherapy
usually only addresses high-level abilities such as attention and reason-
ing, and helps to find workaround strategies. However, cognitive train-
ing might also prove valuable for psychotherapy, because cognitive
deficits can significantly reduce the effectiveness of psychosocial reha-
bilitation (Mueser et al., 1991; Wykes et al., 2011, 1990).

5. Potential synergy between cognitive enhancers and cognitive
training

Basic science studies have paved the way for manipulating
neuromodulatory systems to enhance plasticity. For instance, passive
tone exposure is capable of inducing plasticity if it is followed closely
in time with microstimulation of the dopaminergic neurons of the ven-
tral tegmental area, which projects to many cortical areas and signals
hedonic reward (Bao et al., 2001). Additionally, pairing tone presenta-
tion with stimulation of the nucleus basalis, a hub of cholinergic effer-
ents crucial for attention, is enough to induce plasticity of the auditory
cortex (Froemke et al., 2007). Such studies highlight the potential ben-
efit of manipulating neuromodulatory systems to produce synergistic
gains when combined with behavioral approaches.

As reviewed in the preceding sections, the neurochemical abnormal-
ities in the brains of individuals with schizophrenia span several neuro-
transmitter systems. Although future studies may uncover additional
neurotransmitter systems altered in schizophrenia and new putative
drug targets may continue to be discovered, it seems unlikely that any
plasticity enhancer targeting a single neuromodulatory systemwill suf-
fice to improve the range of cognitive impairments associated with
schizophrenia.

Furthermore, there is substantial evidence showing distributed neu-
ral abnormalities in structural and functional neuroimaging studies
(Gong et al., 2016). These macroscopic changes can potentially be
caused by a variety of microscopic abnormalities including the number,
volume,metabolism and arborization of neural cells. Therefore, it seems
unlikely that either enhancing or inhibiting the activity of particular
neural receptors will normalize neural circuits that have been dysfunc-
tional throughout most of a patient's life.

In addition, it is important to note that most studies testing the ef-
fects of cognitive enhancers in schizophrenia have been done with al-
ready medicated, clinically stable patients. Furthermore, these patients
often lack daily mental stimulation; the typical patient is unemployed,
not pursuing education, and lives in social isolation. Assuming that
these drugs do enhance neuroplasticity, what kind of plasticity can be
expected when a patient is left in an environment lacking cognitive
stimulation? We have discussed that experience-dependent plasticity
in adulthood requires an appropriate context, and fortunately, there
are some clinical studies that have taken advantage of thiswith a variety
of different clinical populations.

For instance, exposure therapy is an effective treatment for post-
traumatic stress disorder (Watts et al., 2013). This type of therapy con-
sists of exposing patients to a context that resembles their particular
traumatic experience (e.g. a war zone, a fire). This exposure is carried
out in a safe environment, allowing patients to associate those cues
with safety (extinction learning). Since one model postulates that
post-traumatic stress disorder results from impaired learning, the effi-
cacy of this therapy could be limited by one's impairment in extinction
learning, even in a therapy environment (Sijbrandij et al., 2013). Con-
ceivably, a drug that helps learning could be of usewhen given in a con-
text that engages the brain in learning new contingency rules
(e.g., learning that a specific context no longer poses a threat). This is
the rationale for combining D-cycloserine with exposure therapy,
which was found to bemore effective than exposure therapy combined
with placebo for patients with post-traumatic stress disorder (Difede
et al., 2014). Interestingly, an analogous use of D-cycloserine has been
tested for anxiety disorders (Hofmann et al., 2013). Note, however,
that the effect sizes vary for different conditions and there are specific
treatment moderators (McGuire et al., 2017).

Another example comes from tinnitus research, which, as discussed
in section 2, arises from dysplasticity processes that include a distortion
of the frequency representation in the auditory cortex. It follows, then,
that a treatment capable of correcting this distortion would be of great
value. Work on animals has shown that pairing the presentation of
tone pipswith vagus nerve stimulation,whichpromotes neuroplasticity
by acting on the cholinergic system, results in an overrepresentation of
the exposure frequency (Shetake et al., 2012), similar to what is ob-
served in tinnitus. Based on this finding, one interesting treatment ap-
proach might be to pair vagus nerve stimulation with tone pips
different from the ones overrepresented in the auditory cortex, which
presumably are involved in the tinnitus perception. Indeed, a recent
case report has found this approach to be clinically useful (De Ridder
et al., 2015) and currently ongoing clinical trialswill soon be able to con-
firmwhether this approach significantly reduces the tinnitus percept. It
is worth noting that although not directly tested in the above-
mentioned case study, currently available animal data indicates that
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vagus nerve stimulation alone is not effective in treating tinnitus
(Engineer et al., 2013). This is another example of how therapeutic
neuroplasticity could be obtained by combining neural (stimulating
the vagus nerve) and cognitive/behavioral (tone pip exposure) thera-
peutic approaches. Moreover, it underscores the point that attempting
to enhance neuroplasticity without presenting a proper therapeutic
context will not result in a significant therapeutic improvement.

In sum, plasticity-enhancingdrugs need to be pairedwith behavioral
interventions to best achieve cognitive improvements. This philosophy
is directly in line with a recent quote from (Keefe et al., 2011), “analo-
gous to the need for physical exercise in an individual who takes ste-
roids to increase muscle mass, patients with schizophrenia in
cognitive enhancement trials may require learning contexts sufficient
to “exercise” any newfound cognitive potential that they may have ac-
quired from the drug under study”.

5.1. How to choose the optimal drug-training combination?

A plethora of plasticity enhancers and cognitive training paradigms
have been tested to date. Given the amount of time and resources needed
to conduct cognitive training studies, we need to identify predictors of re-
sponse to treatment and determine what types of drugs are better suited
to be used in combination with different types of training. Basic and clin-
ical studies have revealed a number of factors that should be taken into
account when designing such combined interventions.

First, it is important to note the potential negative impact certain
medications used in schizophrenia can have on training outcome. In
particular, a range of antipsychotics has anticholinergic properties that
may reduce the effectiveness of cognitive training (Vinogradov et al.,
2009) or psychosocial treatments, regardless of the total antipsychotic
dose (O'Reilly et al., 2016). Therefore, physicians and researchers must
be mindful of the detrimental side-effects of some antipsychotics on
the various neuromodulator systems, especially for long-term treat-
ment. Moreover, anticholinergic drugs (e.g. biperiden) are sometimes
prescribed to prevent or treat extrapyramidal side-effects, but their
long-term use is not recommended due to a variety of side-effects that
include worse cognitive function (Ogino et al., 2014). Thus, we propose
that, before considering drugs to be used as adjuvants to cognitive train-
ing, efforts should be taken to discontinue anticholinergic drugs. In ad-
dition, antipsychotic maintenance treatment, particularly when using
antipsychotics with strong anticholinergic effects, should adhere to
the lowest effective dose strategy.

The design of these studies will also benefit from a hypothesis-
driven personalized approach. In Section 3, we reviewed some of the ef-
forts by several research groups to identify molecular biomarkers in the
blood or CSF to help diagnose schizophrenia. Whereas diagnostic bio-
markers are lacking (Fond et al., 2015; Weickert et al., 2013), bio-
markers of treatment response have the potential to personalize and
improve schizophrenia treatment (Kantrowitz, 2017; Light and
Swerdlow, 2015). Belowwe provide examples of howwe can personal-
ize a drug and training combination based on such genetic and neuro-
physiologic markers.

Furthermore, the specific drug plus training combinations should
take into account the individual characteristics of each patient. For in-
stance, some studies have investigated how genetic variability might
modulate the effectiveness of cognitive training. One of the most stud-
ied genes in this regard is the Catechol-O-Methyltransferase (COMT)
gene, which codes for one of the major enzymes responsible for dopa-
mine degradation in the brain. One study found that single nucleotide
polymorphisms in the COMT gene could abolish cognitive gains after
50 h of cognitive training in schizophrenia (Panizzutti et al., 2013).
Highlighting the complex effect of the genotype, another study found
that the effect of the COMT rs4680 polymorphism on cognitive training
depends on the antipsychotic taken by the patients, because Val/Val pa-
tients on clozapine had increased speed of processing after training,
whereas Val/Val patients on other antipsychotics did not (Bosia et al.,
2014). Moving forward, it would be important to test whether dopami-
nergic drugs improve the effectiveness of cognitive training in non-
responders with altered dopaminergic signaling evidenced by COMT
polymorphisms.

The MMN response depends on NMDAR function (Featherstone
et al., 2015; Javitt et al., 1996), and is consistently found to be decreased
in schizophrenia (Erickson et al., 2016). Additionally, a stronger MMN
baseline measure is associated with better performance over a single 1
h-session of auditory cognitive training (Perez et al., 2017). As better
training performance may indicate higher cognitive gains, a drug capa-
ble of improving MMN responses could also potentially increase cogni-
tive gains after training.

Notably, evidence indicates that D-serine is involved in the effective-
ness of cognitive training. One study observed a positive correlation be-
tween change in D-serine levels and gains in global cognition following
auditory cognitive training (Panizzutti et al., submitted), which suggests
that D-serine might be a useful adjuvant to cognitive training. This con-
trasts, however, with the findings of another study that did not show an
enhancing effect of D-serine (30mg/kg) on any cognitive domain tested
(D'Souza et al., 2013). It is important to highlight, however, that the
dose used in this study is lower than in a former study that showed a
cognitive enhancing effect of D-serine (Kantrowitz et al., 2010). Another
point to be emphasized is the low half-life of peripherally administered

D-serine evidenced by in vivo brainmicrodialysis inmice (Guercio et al.,
2014) and by human serum analysis (Kantrowitz et al., 2010),which in-
dicates that its effectiveness might be highest if timed with the training
sessions. Remarkably, the weekly administration of D-serine to patients
with schizophrenia (60 mg/kg) 30 min before cognitive training ses-
sions improves their training performance and MMN compared to
training with placebo (Kantrowitz et al., 2016). Similarly, a daily dose
of D-serine (60 mg/kg) has been shown to improve MMN deficits in
schizophrenia (Kantrowitz et al., 2018). These studies suggest that D-
serine may be used to improve the effectiveness of auditory cognitive
training regimens. Future studies should assess whether D-serine com-
bined with cognitive training improves the generalization of cognitive
gains and patients' functional outcome compared to training with pla-
cebo. Because MMN correlates with general cognition and functional
outcome (Biagianti et al., 2017; Perrin et al., 2018; Wynn et al., 2010),
we hypothesize that D-serine may have a higher synergistic potential
in patients that have larger baseline MMN deficits.

Prepulse inhibition of the startle response (PPI) can also be used to in-
form drug and training combinations (Chou et al., 2012). PPI is a pre-
attentive, cross-species phenomenon observed when the magnitude of
a startle response to a loud noise is inhibited by the presentation of a pre-
ceding weaker pulse (prepulse). The startle reflex is generated by the
pons, but the prepulse causes an inhibition of the reflex by acting on sev-
eral key structures including the nucleus accumbens, hippocampus, pre-
frontal cortex, andmany others (Swerdlow et al., 2001). Importantly, PPI
is thought to be a measure of sensorimotor gating, a continuously active
brain process to prevent sensory overload (Swerdlow et al., 1999).

Deficits in PPI have been extensively documented in schizophrenia,
and patients with higher deficits tend to have worse performance on
cognitive tests and global functioning, and benefit less from cognitive
training (Chou et al., 2012). Additionally, higher baseline PPI levels are
associated with better responses to cognitive behavioral therapy
(Kumari et al., 2012). Thus, it is tempting to speculate that drugs capable
of increasing PPI in patients with schizophrenia could improve the ef-
fects of cognitive training in patients with low PPI. Notably, tolcapone
is a COMT inhibitor that can improve cognition in healthy subjects de-
pending on individual's characteristics (Bhakta et al., 2017). In schizo-
phrenia, it enhances PPI in patients with a polymorphism associated
with increased COMT activity and lower PPI levels (Giakoumaki et al.,
2008).

Furthermore, amphetamine is a drug that increases dopamine re-
lease and, in a low dose of 10 mg, can improve PPI and neurocognition
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in schizophrenia (Swerdlow et al., 2018). A recent study combined am-
phetamine with auditory discrimination training and found that train-
ing performance in the first session increased for patients with
schizophrenia who took the 10 mg of the drug compared to patients
in the placebo group (Swerdlow et al., 2016b). Whether this increased
performance translates to a more effective transfer of cognitive gains
should be assessed in future experiments, especially because there are
health concerns associated with the chronic use of dopaminergic
drugs by patients with schizophrenia. Perhaps a safer alternative for
long-term use is to give patients 20 mg/day of memantine - a drug
that targets many systems including the glutamatergic, cholinergic
and dopaminergic - to improve PPI and MMN (Swerdlow et al.,
2016a). In any case, the above highlighted experiments demonstrate
the potential of using neurophysiological and genetic biomarkers to
help determine the best individualized approach for implementing
medication-enhanced cognitive training programs.

An analogous approach can be used for working memory. For in-
stance, a PET study of the dopamine system revealed that working
memory training over 5weeks increased cortical D1R binding in healthy
participants, which correlated positively with the degree of working
memory improvement after training (McNab et al., 2009). This indicates
that themodulation of D1R activitymight be important for the effective-
ness of workingmemory training. It may also indicate that, as some pa-
tients have a diminished capacity of releasing dopamine in the cortex
(Slifstein et al., 2015), their ability to engage in aworkingmemory train-
ing may benefit from a D1R agonist.

Finally, oxytocin is a compound involved in social cognition that
has been tested as an adjuvant in schizophrenia with limited success.
However, one encouraging study found that 50IU of oxytocin admin-
istered intranasally 30 min before social cognitive training sessions
produced greater improvement in an empathic identification task
than placebo (Davis et al., 2014a). Importantly, this drug-enhanced
cognitive training effect was evident even at 1-month follow up,
highlighting the beneficial effect of pairing oxytocin with social
training. In contrast, another study using a smaller dose (24 IU)
found no benefit of adding oxytocin to social cognitive training in
young people during an early psychosis phase (Cacciotti-Saija et al.,
2015). These results emphasize the need to develop a better under-
standing of the pharmacokinetics of oxytocin in order to determine
optimal therapeutic dosage.

Because cognitive training is a time-consuming and demanding
treatment, a central question is the durability of any cognitive effect
found. Although some studies have described the durability of cognitive
gains after cognitive training (Fisher et al., 2010; Subramaniam et al.,
2014), long-term effects have not been systematically documented. All
other things being equal, it is reasonable to assume that a longer train-
ing will have more durable effects. Indeed, Fisher et al. (2010) showed
that a longer training period (100 h compared to 50 h) results in more
durable gains in functional outcome. Importantly, in this study, patients
received money for each training day, which in turn probably allowed
the study to have a low dropout rate. However, as this type of treatment
is incorporated into clinical practice, monetary rewards will not be
available, making dropout rates for such long training periods most
likely higher. Another possibility is to divide the training, giving booster
sessions every 6 or 12months. To our knowledge, no study investigating
whether booster sessions can prolong the effects of cognitive training in
patients with schizophrenia has been done. Remarkably, however, a re-
cent study found that ten ~1 h training sessions designed to improve
overall speed of processing in healthy older adults decreased the chance
of developing dementia by 29% a decade later, and each booster session
(administered at 11 and 35 months after completion of the initial train-
ing) was associated with a further 10% reduction in risk (Edwards et al.,
2017). Moving forward, it will be necessary for the field to better de-
scribe the durability of any cognitive training regimen and if/when
booster sessions are necessary, and whether plasticity-enhancing
drugs can modify its durability.
It is important to note, however, that better performance during cog-
nitive training does not guarantee a better transfer to other tasks. One
study observed that adding D-cycloserine to an auditory discrimination
task improved patients' performance on the training, but failed to in-
crease cognitive gains on theMATRICS battery compared to the placebo
training group (Cain et al., 2014). One reason for this might be that this
study only trained patients on one specific task, for which a previous
study had shown that large improvements did not correlate with cogni-
tive gains on the MATRICS battery (Keefe et al., 2012).

6. Conclusion and perspectives

In summary, we have reviewed how studies using various pharma-
cological cognitive enhancers have demonstrated somewhat disap-
pointing results for improving cognition in schizophrenia. Although
these drugs have the potential to enhance neuroplasticity in individuals
livingwith schizophrenia, the lack of concomitant cognitive stimulation
probably undermines any meaningful therapeutic effects. Therefore, as
argued above, combining these cognitive enhancers with targeted cog-
nitive training approaches may result in more systematic improve-
ments and lead to better outcomes (Fig. 2). Drugs may correct
neurochemical imbalances that underlie neuroplasticity changes in
the brain, whereas cognitive training may induce the formation of
more adaptive neural circuits.

Because of the number of drugs used for cognitive enhancement and
their different characteristics, we propose some potential synergistic
treatment combinations for future clinical studies aiming to improve
cognition in schizophrenia:

• For instance, adding a dopaminergic drug that specifically targets the
D1R, or a cholinergic drug (e.g. donepezil 5 mg/day) may facilitate
working memory training. As patients see themselves progressing
through the exercises more easily, they may feel rewarded and have
a higher adherence to training, which in turn could improve its effec-
tiveness. Long training regimens typically motivate patients with
monetary rewards, which will not be available in a clinical setting.
Whether plasticity-enhancers improve adherence to training regi-
mens that lack an extrinsic motivator is an intriguing possibility that
has been unexplored so far.

• An important consideration is the dose and timepoints in which drugs
should be administered. This needs to be studied on a case-by-case
basis, as drugs have a variety of pharmacokinetic and pharmacody-
namic properties. Conceivably, therapeutic drug concentrations should
bemaintained during training and its consolidation phase (a few hours
after the training session). Here we use the example of D-serine, whose
properties are fairly well-known. D-serine is rapidly absorbed and has a
short half-life, which indicates that its administration should be around
the start of the training session. The dose of 60mg/kg is a good starting
point, as previous studies have deemed it safe and effective (for other
drugs, biomarkers of target engagement, such as MMN, PPI or prefron-
tal cortex activity during working memory testing may be studied).
Based on previous studies, D-serine should be given at least weekly,
but whether daily treatment is more effective to improve cognitive
training has not been directly tested. Conceivably, daily D-serine treat-
ment could render the training regimen shorter, but again this should
be investigated by future studies employing neuropsychological testing
in multiple timepoints. Once training is terminated, D-serine adminis-
tration should be stopped.

• Knowledge of the effects of each drug in the brain will inform specific
drug and training combinations. For instance, it makes sense to use D-
serine with auditory training (perceptive and higher-order), because
it improves the auditory MMN response, whichmay be an index of au-
ditory short-term auditory plasticity. On the other hand, a training reg-
imen focused on working memory may benefit from dopaminergic
agents, because dopamine signaling in the prefrontal cortex exerts a
powerful effect on working memory. Oxytocin may induce more



Fig. 2. Combining pharmacological treatment and cognitive training for the most effective schizophrenia treatment. A synergistic approach that pairs cognitive training with
pharmacological treatment that enhances the neurological system being trained might result in the best clinical outcomes for cognitive impairment in schizophrenia. A. A healthy
subject is able to improve certain aspects of social cognition through a cognitive training program that induces long-term modification of neural circuits. B. A subject with
schizophrenia has pre-existing deficits in social cognition. Due to dysfunctional neuromodulatory control, treatment with cognitive training alone may take too much time and effort
to produce tangible results. Similarly, drugs aimed to potentiate social cognition, such as oxytocin, are not likely to alter neural circuits in a constructive manner without the
appropriate behavioral context. The combined intervention of behavioral therapy through cognitive training and administration of oxytocin could thusprovide the best treatment solution.
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adaptive plastic effects if tied to a training that will exercise the brain's
ability to recognize emotions and understand the mental state of
others.

• There is a need to identify biomarkers (molecular, genetic, neuroimag-
ing) that predict successful transfer of cognitive effects following cogni-
tive training. This can provide the rationale for adding specific drugs to
putatively non-responder patients. For example, if cortical binding of
D1R is important for the transfer of cognitive gains to untrained tasks
following working memory training, then the addition of an D1R ago-
nist will increase the likelihood of transfer effects after training. Future
studies could assess whether this holds true specifically for patients
who fail to improve PFC D1R binding after undergoing working mem-
ory training.

• Finally, another way drugs can improve cognitive training is by
prolonging its effects, which can be assessed by follow-ups months or
years later. Some studies have investigated the durability of the effects
of cognitive training, but as the fieldmatures andmoves into the clinic,
future studies should attempt to not only describe the durability effects
but also predict if/when a “boost” is needed. Presumably, the addition
of plasticity-enhancing drugs concomitantly with training may induce
the formation of more stable neural circuits, and so booster sessions
will be further apart.
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