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Editorial on the Research Topic

Neurobiology, Clinical Course, and Therapeutic Approaches of Treatment-Resistant Schizophrenia:
Toward an Integrated View

Treatment-resistant schizophrenia (TRS) is a disease entity whose tracts are yet to be fully deciphered.
The characterization of effective therapeutic strategies for this severe condition represents one of the more
relevant unmet need of contemporary psychiatry. Nonetheless, investigations on therapeutic strategies
are strictly intermingled with the characterization of clinical determinants and diagnostic boundaries of
the disease, and with the elucidation of its biological underpinnings. These elements cannot be separated
from each other and their combined evaluation has been the objective of this Research Topic.

As an ideal introduction to the Topic, Leung et al. provide a thorough summary of the current
knowledge on TRS. These Authors make an excellent overview of the current challenges with the
definition and neurobiology of TRS, pointing out the heterogeneity of clinical course, the difficulty with
an optimal characterization of predictors, and the lack of evidence based standard of care in TRS.

The idea that schizophrenia and TRS may be categorically distinct is tackled in the contribution by
Kinon, as the Author critically discusses the issue of TRS heterogeneity. Recalling the classical definition
of Bleuler for schizophrenia, Kinon proposes to refer to TRS as The Group of Treatment Resistant
Schizophrenias, due to the patent heterogeneity in the trajectory of non-response to antipsychotics. This
heterogeneity depends on multiple factors and mostly on inconsistency in defining TRS, preventing
the possibility to understand whether TRS may be a distinct disease category or on a diagnostic
continuum with schizophrenia. Parsing patient segments to achieve more homogenous ones sharing
common pathophysiology may allow moving from more broadly to more targeted segments, paving
the way to data or at least hypothesis-driven novel drug strategies for TRS.

In agreement with these reports, Iasevoli et al. has attempted to delineate the distinctive features
and determinants of disease severity in TRS vs. non-TRS patients. We find that disease severity is
higher in TRS patients and mostly associated with negative symptoms. In turn, negative symptoms
mediate the effects of cognitive dysfunctions and are likely related to neurodevelopmental alterations
in TRS patients. Despite this contribution appears to support the idea of a categorical distinction
between TRS and non-TRS patients, it also enlightens one of the limitations of current operational
criteria: the most relevant factor driving disease severity in TRS patients is the extent of negative
symptoms, that are notoriously not targeted by current antipsychotics. A dog chasing its own tail.
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Treatment-Resistant Schizophrenia

These challenges and uncertainties strongly illustrate the
urge to achieve pathophysiological models and neurobiological
markers of TRS to develop targeted therapies. As reported in
Leungetal. article, the traditional model of dopamine dysfunction
for the pathogenesis of schizophrenia seems not to be applicable
to explain TRS, and other neurochemical dysfunctions (e.g.,
cortical hyper-glutamatergy) may play a role in the disease.

In partial agreement with this consideration, the contribution of
Amato et al. depicts an intriguing novel theoretical model to explain
some forms of TRS. Based on previous experimental studies (1),
Amato et al. suggest that response to antipsychotics may stem from an
imbalance between D2 receptor blockade and dopamine transporter
(DAT) blockade to achieve adequate extracellular dopamine
levels to trigger presynaptic dopaminergic neuron autoinhibition.
Presynaptic autoinhibition alleviates psychotic symptoms by
reducing dopamine release and post-synaptic neuron activation.
A failure of this mechanism, due to multiple factors (e.g., reduced
DAT expression as a consequence of genetic factors, prior exposure
to psychostimulants, or aging), may lead to treatment resistance.

Another remarkable contribution, by Mostaid et al., describes
an overall upregulation of transcripts within the Neuregulin-
ErbB signaling pathway among individuals with schizophrenia.
Indeed, Authors investigated Neuregulin signaling pathway mRNA
transcripts in whole blood of 71 TRS patients and 57 healthy controls
and found upregulated levels in TRS patients for five transcripts,
although only one surviving correction for multiple testing.

Still on neurobiological markers of TRS, the excellent review
by MacKay et al. summarizes current findings on system
and circuit-level brain dysconnectivity in treatment-resistant
schizophrenia based on neuroimaging studies. As described in
this report, a clear-cut separation at multiple levels of connectivity
emerges between TRS and non-TRS patients, opening the way to
circuit-based interventions.

The issue of therapeutic strategies has been addressed
in multiple articles. An intriguing contribution is given by
Miyaoka et al. These authors describe the case of a schizophrenia
patient with predominant severe hallucinations and delusions
non-responsive to antipsychotics, who showed a reduction of
psychotic symptoms and improvement in social functioning
after receiving bone marrow transplantation for acute myeloid
leukemia. This case report has a place into the current debate on
immune pathogenesis of schizophrenia (2).
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Unfortunately, TRS patients are exposed to high doses of
antipsychotics, causing severe undesirable effects. The contribution
by Eriksson et al. deals with impaired bone mineral status, which was
investigated in obese non-diabetic antipsychotic-treated patients,
showing a reduction of bone mineral density in 23% of the subjects.

The search for strategies beyond mere pharmacological
interventions is the object of the meta-analysis conducted by Polese
et al. These authors focused on psycho-social interventions in TRS
patients, either in augmentation or in substitution of antipsychotics.
Psychological interventions showed a therapeutic effect in 40 of
42 selected studies. The most improvement was found in positive
symptoms for cognitive behavioral therapy, as well as for other
psychological interventions (albeit with different degrees). This
contribution strongly encourages psychological interventions in TRS.

The contribution of Souto et al. illustrates the results of a
randomized controlled trial for an online emotional training
devoted to social cognition rehabilitation in schizophrenia
patients. The authors found significant improvement in emotion
recognition and multiple theory-of-mind tasks. Although to date
impairment of social cognition has been only limitedly studied in
TRS, it is presumable that social cognition-oriented interventions
may soon become indicated in these patients.

However, literature on severe mental illness should face relevant
methodological limitations, as illustrated in the contribution by
Lally et al. The group found that psychotic participants in a large
trial of psychosocial interventions to improve physical health in
severe mental illness had a lower degree of overall illness severity
and functional impairment than eligible non-participant psychotic
individuals, therefore challenging representativeness of participants
to the trial and concluding that more severe patients may tendentially
be not predisposed to be enrolled. Although a generalization of these
results to other kinds of trials (e.g., pharmacological or psychological)
is beyond the authors' scope, more focused recruitment efforts
should be considered when carrying out trials on severely ill patients.
This recommendation should be specifically applied to TRS patients
since they exhibit more severe psychopathology and more impaired
social functioning even when compared to non-TRS patients (3).

AUTHOR CONTRIBUTIONS

The Editorial has been written by FI, VD, and FN.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2019 Iasevoli, De Luca and Nucifora. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Psychiatry | www.frontiersin.org

November 2019 | Volume 10 | Article 870


https://doi.org/10.3389/fpsyt.2019.00601
https://doi.org/10.3389/fpsyt.2019.00314
https://doi.org/10.3389/fpsyt.2019.00314
https://doi.org/10.3389/fpsyt.2017.00225
https://doi.org/10.3389/fpsyt.2018.00537
https://doi.org/10.3389/fpsyt.2017.00174
https://doi.org/10.3389/fpsyt.2018.00781
https://doi.org/10.3389/fpsyt.2019.00210
https://doi.org/10.3389/fpsyt.2019.00210
https://doi.org/10.3389/fpsyt.2018.00040
https://doi.org/10.3389/fpsyt.2018.00654
https://doi.org/10.1038/s41380-018-0114-5
https://doi.org/10.1038/tp.2017.4
https://doi.org/10.1016/j.pnpbp.2015.08.010
https://doi.org/10.1016/j.pnpbp.2015.08.010
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychiatry#articles
https://www.frontiersin.org/journals/psychiatry
http://www.frontiersin.org

',\' frontiers
in Psychiatry

CASE REPORT
published: 21 September 2017
doi: 10.3389/fpsyt.2017.00174

OPEN ACCESS

Edited by:
Felice lasevoli,
University of Naples Federico I, Italy

Reviewed by:

Belinda Lennox,

University of Oxford,

United Kingdom

Robert McCutcheon,

Institute of Psychiatry, Psychology &
Neuroscience (loPPN),

United Kingdom

*Correspondence:
Tsuyoshi Miyaoka
miyanyan@med.shimane-u.ac.jp

Specialty section:

This article was submitted
to Schizophrenia,

a section of the journal
Frontiers in Psychiatry

Received: 21 July 2017
Accepted: 05 September 2017
Published: 21 September 2017

Citation:

Miyaoka T, Wake R, Hashioka S,
Hayashida M, Oh-Nishi A, Azis IA,
lzuhara M, Tsuchie K, Araki T,
Arauchi R, Abdullah RA and
Horiguchi J (2017) Remission of
Psychosis in Treatment-Resistant
Schizophrenia following Bone Marrow
Transplantation: A Case Report.
Front. Psychiatry 8:174.

doi: 10.3389/fpsyt.2017.00174

®

Check for
updates

Remission of Psychosis in
Treatment-Resistant Schizophrenia
following Bone Marrow
Transplantation: A Case Report

Tsuyoshi Miyaoka*, Rei Wake, Sadayuki Hashioka, Maiko Hayashida, Arata Oh-Nishi,
llhamuddin Abdul Azis, Muneto Izuhara, Keiko Tsuchie, Tomoko Araki, Ryosuke Arauchi,
Rostia Arianna Abdullah and Jun Horiguchi

Department of Psychiatry, School of Medicine, Shimane University, Izumo, Japan

The authors present the case of a 24-year-old male with treatment-resistant schizophrenia,
with predominant severe delusion and hallucination, who received bone marrow
transplantation (BMT) for acute myeloid leukemia. After BMT, he showed a remarkable
reduction in psychotic symptoms without administration of neuroleptics. He also showed
drastic improvement in social functioning. Follow-up evaluations 2 and 4 years after BMT
showed persistent significant improvement of the psychotic state and social functioning.
Recent findings show that the major underlying pathogenic mechanism of schizophrenia
is immune dysregulation. Thus, conceptually, BMT, a cellular therapy, that facilitates the
counteractive processes of balancing inflammation by immune regulation, could pro-
duce beneficial clinical effects in patients with treatment-resistant schizophrenia. Further
studies are required to define the true benefits of BMT for the possible curative treatment
of schizophrenia.

Keywords: schizophrenia, bone marrow transplantation, acute myeloid leukemia, curative treatment, immune
alterations, cellular therapy, maternal immune activation

BACKGROUND

Increasing evidence suggests a correlation between schizophrenia and immune system disturbances.
Genome-wide association studies for linkages with schizophrenia have revealed that the odds ratio
is frequently high in immune-related regions among many schizophrenia-related genome loci of
patients (1-3). Although schizophrenia is regarded as a syndrome with different biological back-
grounds, involvement of immune system disturbances could be one of the common mechanisms.

The association between maternal infection and neurodevelopmental disorders is long stand-
ing but not without controversy. After the 1964 rubella pandemic, the incidence of schizophrenia
rose from less than 1% in the unexposed population to about 20% in the exposed population (4).
Subsequent studies charting historic outbreaks of flu, measles, mumps, chickenpox, and polio have
revealed an association with schizophrenia (5). However, not all ecological studies have replicated
these associations (6). The differing conclusions may stem from differences in estimating the exposed
population (6). Nevertheless, several prospective studies following birth cohorts (7, 8) have consist-
ently revealed an association between maternal viral infection and psychiatric disorders in offspring
and added other classes of pathogens to the list: namely, bacterial infections—including pneumonia,
sinusitis, and tonsillitis—and the parasite Toxoplasma gondii (7, 9).
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BMT May Cure Schizophrenia

How can such a diverse group of pathogens confer similar risks
of psychotic disorder? Common to the implicated pathogens is
the maternal immune response. In support of this possibility,
enduring fevers above a certain threshold pose the greatest
risk (10). It follows that immune system activation above that
threshold due to any environmental insult or genetic predisposi-
tion would also increase the risk. Indeed, maternal autoimmune
disorders, allergies, asthma, acute stress, and exposure to envi-
ronmental pollutants—all of which lead to elevated immune
responses—have been linked to an enhanced risk of schizophre-
nia (7, 8). These findings may help to contextualize two recent
prospective studies that failed to find a significant association
between prenatal infection and schizophrenia after adjusting for
parental infection in general, parental psychiatric disorder, and
socioeconomic status (11, 12).

An accumulative evidence points to the significant role of
neuroinflammation and the immune system in the pathophysiol-
ogy of schizophrenia (13). There are also numerous reports that
support the hypothesis that immune activation is a risk for onset
of schizophrenia at adulthood (14, 15). Moreover, evidence from
genomic (16), blood (17), postmortem (18), and in vivo imaging
(19) investigations suggests that immune activation is concerned
in the pathophysiology of schizophrenia.

In almost all cases, autoimmune diseases are their favorable
reaction to immunoablation and saved by bone marrow trans-
plantation (BMT) (20). Investigation in radiation chimeras
established that the immunological and hematological systems
possess a mutual stem cell (20).

Knowledge of the clinical observation of schizophrenia after
BMT would significantly improve our comprehension of the
importance of immune system in schizophrenia. Sommer and
van Bekkum requested hematologists and psychiatrists to notify
them their case reports, and they submitted this request to the
relevant expert journals (20).

In this case report, we show that BMT was effective in treat-
ment of treatment-resistant schizophrenia with predominantly
delusion and hallucination symptoms. To the best of our knowl-
edge, this is the primary case observation of successful therapy of
treatment-resistant schizophrenia with BMT.

CASE PRESENTATION

The patient was a 24-year-old male. His birth was ordinary, and
he grew as normal. After he had graduated from university, he
labored in a corporation. His level of social skill was standard.
There was not any description of alcohol or drugs use or seizures
of epilepsy. In his family, there is nobody with psychiatric and
developmental disorders. When the patient was 23 years old, he
suffered from insomnia, irritability, and anxiety. In addition, he
developed into agitated and spoke incoherently, and persecutory
delusions and paranoid ideation arose. Problems of consciousness
and convulsions were not detected. He visited the Department
of Psychiatry of Shimane University Hospital. Assessment
of his psychiatric status confirmed auditory hallucination,
suspiciousness, active social avoidance, persecutory delusion,
and decline in the social function. His diagnosis was “paranoid
schizophrenia” according to DSM-IV-TR (21). Physical and

neurological examinations revealed no marked abnormalities.
There is no abnormal finding in routine laboratory investiga-
tions of serum and urine. In electric encephalography, computed
tomography, and magnetic resonance imaging of the brain, there
is no abnormality. Administration of quetiapine (QTP) (300 mg/
day) was started. One week later, his auditory hallucinations,
suspiciousness, active social avoidance, persecutory delusion,
and deterioration in the level of social functioning continued.
Because he refused to take neuroleptics, the patient’s family
managed antipsychotics for him and confirmed that he took
antipsychotics. However, significant worsening of his psychiatric
symptoms followed. Administration of risperidone (RIS) (12 mg/
day) and olanzapine (20 mg/day) was added to QTP. However, his
psychotic symptoms were not improved at all. His social func-
tioning also deteriorated. Treatment-resistant schizophrenia was
classified as little or no response to treatment from at least two
adequately dosed antipsychotic trials for least 4 weeks including
at least one second-generation antipsychotic (22). As result, he
was diagnosed with treatment-resistant schizophrenia (23).

When he was 24 years old, he experienced severe tiredness,
continuing elevation of fever, pain of general joint, gingival bleed-
ing, and shortness of breath. As result of further examinations, he
was diagnosed with acute myeloid leukemia at the Department
of Hematology of Shimane University Hospital. His willingness
to receive BMT was confirmed; however, the problem of whether
he could stand the considerable psychological pressure of BMT,
particularly throughout the isolation phase, was not obvious.
To elucidate this, a test isolation was performed for 7 days. While
his severe auditory hallucinations, suspiciousness, and persecu-
tory delusion continued, severe psychomotor excitement was
not recognized. Moreover, the hospital staft could communicate
with him with no difficulty. So that hematologists and we judged
that, he would be able to tolerate the stress during the isolation
period. All neuroleptics were stopped during the test isolation in
the germ-free unit.

One week later, BMT was performed. He was treated in isolation
room at germ-free unit for 34 days. We met him three times a week
throughout the isolation phase to assessment his psychiatric status
and necessity of administering additional therapy. No neuroleptics
were administered because of his refusal to take them; however,
his psychotic status maintained with stable condition. Moreover,
the BMT isolation was accomplished with no trouble. After he
underwent BMT, administration of methotrexate and cyclosporin
A was begun to avoid graft versus host disease (GVHD). Three
weeks after BMT, early symptoms of GVHD were recognized, and
hematologists administered tacrolimus in place of cyclosporin A.

Thirty days later, his psychotic symptom had almost disap-
peared. He was sustained without any neuroleptic treatment
and need for any other administration. His psychiatric status
was assessed by the Positive and Negative Symptom Scale (24).
Social functioning was assessed using the Global Assessment of
Functioning Scale of the DSM-IV-TR (21). The treatment and
clinical course are shown in Figure 1. In 2017, 8 years after BMT,
the improvements of somatic and psychiatric symptoms are
continued, and the patient is very well and there are no residual
psychiatric symptoms. Moreover, his social functioning was dras-
tically recovered, and he continues to work at a famous company.
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FIGURE 1 | Treatment and clinical course of the case. Their psychiatric symptoms were evaluated by PANSS (24). Functioning was assessed using the GAF of the
DSM-IV-TR (21). BMT, bone marrow transplantation; QTP, quetiapine; RIS, risperidone; OLZ, olanzapine; PANSS, Positive and Negative Symptom Scale; GAF,
Global Assessment of Functioning Scale.

DISCUSSION

Bone marrow transplantation might be effective in treatment of
this patient’s acute and treatment-resistant schizophrenia charac-
terized predominantly by delusion and hallucination. During the
remission of psychosis, this patient did not experience any infec-
tion by BMT. To the best of our knowledge, this is the primary case
observation of successful therapy of schizophrenia with BMT. In
limitation, we could not exclude the possibilities of spontaneous
improvement without any treatment, paradoxical improvement
following cessation of neuroleptics, and the curative effect of
multiple immune modulating drugs.

In consideration of single case report, we apparently cannot
confirm an immune pathogenesis of schizophrenia. However,
several reports support the theory that immunological system
is one of key factor of pathogenesis of schizophrenia (25, 26),
and we suggest that physicians and patients involved in BMT
consider the possibility that schizophrenia may be treated
successfully by BMT.

In an animal study using maternal immune activation (MIA)
offspring, Hsiao et al. identified distinction in immune activation
in a mouse model of autism and schizophrenia (27). MIA in preg-
nant rodents can be produced by immunological activation by
polyriboinosinic-polyribocytidilic acid (Poly I:C), which causes
the offspring to have enduring immune system abnormalities and
behavioral abnormalities (9, 27-30). Moreover, it was reported
that Poly I:C-induced MIA leads to permanently hyperresponsive
CD4+ T cells and a hypersensitive immune system in offspring,
and further, that behavioral abnormalities of the rodents could in
part be recovered by BMT (27).

Our findings may be contributed to several number of ani-
mal model studies reporting the efficacy of BMT on improving

symptoms of neurological disorders (31-33). Derecki et al.
identified microglia normalized by BMT contributed to recover
behavioral abnormalities in a mouse model of Rett syndrome. The
findings suggest that BMT normalizes microglia impairments
in the brain. Microglia impairment seems to be one important
neurological pathology in schizophrenia patient brain (34, 35).
However, if only microglia-mediated mechanism is being con-
sidered, it is difficult to explain the mechanism via which BMT
would lead to sudden reversal of symptoms in this case.

In a human clinical case report, Sommer et al. reported the
clinical course of a patient who showed severe psychosis after
BMT from schizophrenic patients (36). This report also supports
the possibility that BMT might be an effective treatment for
schizophrenia (37).

Additional research with added subjects is obviously necessary
because the association of both schizophrenia and the contribu-
tion of BMT in CNS are not comprehended at all.

CONCLUDING REMARKS

In this patient, BMT was effective in treatment of acute and
treatment-resistant schizophrenia with predominant delusion
and hallucination. During the remission of psychosis, this patient
did not experience any infection-associated BMT. In consid-
eration of single case report, we apparently cannot confirm an
immune pathogenesis of schizophrenia. However, several reports
support the theory that immunological system is one of key factor
of pathogenesis of schizophrenia (26), and we suggest that physi-
cians and patients involved in BMT consider the possibility that
treatment-resistant schizophrenia may be treated curatively by
BMT. Though BMT may not be a cure for all cases of schizophre-
nia, it definitely possesses the potential to manage overall disease
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severity and improve the quality of life, and this case report is
a preliminary demonstration of the safety and efficacy of BMT
in treatment-resistant schizophrenia. Additional research with
added subjects is obviously necessary because the association of
both schizophrenia and the contribution of BMT in CNS are not
comprehended at all.
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Investigation of peripheral gene expression patterns of transcripts within the NRG-ErbB
signaling pathway, other than neuregulin-1 (NRG7), among patients with schizophrenia
and more specifically treatment-resistant schizophrenia (TRS) is limited. The present
study built on our previous work demonstrating elevated levels of NRG1 EGFa, EGF},
and type lig containing transcripts in TRS by investigating 11 NRG-ErbB signaling pathway
MRNA transcripts (NRG2, ErbB1, ErbB2, ErbB3, ErbB4, PIK3CD, PIK3R3, AKT1, mTOR,
P70S6K, elF4EBP1) in whole blood of TRS patients (N = 71) and healthy controls (N = 57).
We also examined the effect of clozapine exposure on transcript levels using cultured
peripheral blood mononuclear cells (PBMCs) from 15 healthy individuals. Five transcripts
(ErbB3, PIK3CD, AKT1, P70S6K, elF4EBP1) were significantly elevated in TRS patients
compared to healthy controls but only expression of P70S6K (Peorrectes = 0.018), a protein
kinase linked to protein synthesis, cell growth, and cell proliferation, survived correction
for multiple testing using the Benjamini-Hochberg method. Investigation of clinical fac-
tors revealed that ErbB2, PIK3CD, PIK3R3, AKT1, mTOR, and P70S6K expression were
negatively correlated with duration of illness. However, no transcript was associated
with chlorpromazine equivalent dose or clozapine plasma levels, the latter supported
by our in vitro PBMC clozapine exposure experiment. Taken together with previously
published NRG7 results, our findings suggest an overall upregulation of transcripts
within the NRG-ErbB signaling pathway among individuals with schizophrenia some of
which attenuate over duration of iliness. Follow-up studies are needed to determine if the
observed peripheral upregulation of transcripts within the NRG-ErbB signaling pathway
are specific to TRS or are a general blood-based marker of schizophrenia.
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INTRODUCTION

Intracellular signaling initiated by neuregulins (NRGs) and their
cognate receptors (ErbBs) are vital for the assembly of neuronal
circuitry (1, 2), including myelination of axonal processes (3, 4),
neurotransmission (5), and synaptic plasticity (6-8). Abnor-
malities in NRG-ErbB signaling have been implicated in schizo-
phrenia, with the majority of evidence linked to neuregulin-1
(NRGT1) and ErbB4 (5, 9-11).

Neuregulin-1 and ErbB4, together, initiate signaling via the
PI3K-AKT signaling pathway, which results in activation of mTOR
and in turn stimulates protein synthesis (Figure 1). Several human
postmortem brain studies have shown dysregulation of gene
expression of NRG1, ErbB4 or down-stream targets among
individuals with schizophrenia (12-17). Likewise, evidence
of dysregulated gene expression of NRGI (18-20), ErbB1/ErbB4
(21), and PI3K/AKT (22, 23) in peripheral tissues [i.e., whole
blood, peripheral blood mononuclear cells (PBMCs), monocytes]
in schizophrenia has also been shown in people with chronic
schizophrenia. Treatment-resistant schizophrenia (TRS) patients
represent a considerable subgroup who have significant increases
in multiple NRGI splice variants in peripheral blood (24).
Thus, we may expect the biological interactors (receptors) and
mediators (kinase) of this pathway to also be changed. However,
peripheral examination of gene expression within this pathway
among individuals with TRS has yet to be completed. Moreover,
the impact of medication, lifestyle (e.g., smoking, alcohol use),

and/or symptom severity on NRGI-related mRNA expression is
largely unknown.

The present investigation, therefore, quantiatively compared
(i) whole blood mRNA levels of 11 NRG-ErbB signaling receptors
and pathway genes (NRG2, ErbB1, ErbB2, ErbB3, ErbB4, PIK3CD,
PIK3R3, AKT1, mTOR, P70S6K, elF4EBP1) among individuals
with TRS and healthy controls, (ii) associations between mRNA
levels and symptom severity, age of onset, duration of illness,
clozapine plasma level, and chlorpromazine equivalent dosage,
and (iii) the effect of clozapine exposure on mRNA expression
in PBMCs from healthy controls. We expected that there would
be multiple molecular changes in TRS compared to controls that
may contribute to the amplification of NRGI signaling in perhi-
peral blood in support of a widespread gain of function model of
NRGI in the pathophysiology of schizophrenia.

MATERIALS AND METHODS

Participants

Clinical Samples

Seventy-one participants aged 18-65 with schizophrenia who
were treated with clozapine were recruited from inpatient and
outpatient clinics in Melbourne, Australia. As these individuals
failed to respond to two or more previous trials of antipsychot-
ics, had poor functioning, and persistent symptoms, they were
considered “treatment-resistant,” consistent with current criteria

Ol

»

FIGURE 1 | NRG-ErbB signaling pathway. Neuregulin-1 (NRG7) and NRG2 bind to ErbB3 and/or ErbB4, which in turn undergoes homo or heterodimerization and
activates PISK. PI3K then activates AKT and subsequently mTOR causing initiation of protein synthesis via the mTOR signaling pathway. mTOR phosphorylates and
activates P70S6K which facilitates phosphorylation of small ribosomal protein 6 (S6) and eukaryotic translation initiation factor 4B (e/F4B) and leads to initiation of
protein synthesis. Activated mTOR also causes phosphorylation and inactivation of e/F4EBP1, which release elF4E and facilitates translation.
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(25). In addition, 57 age-, sex-, and socioeconomic-matched
unrelated healthy controls were recruited from the general com-
munity. Controls with a first-degree family history of psychiatric
illness, prior or current use of antipsychotic medication, head
injury, seizure, neurological disease, impaired thyroid function,
and/or substance abuse/dependence were excluded. Detailed
demographic characteristics of all participants are presented in
Table 1.

Mini International Neuropsychiatric Interview (26) was
administered to all participants to confirm the diagnosis of
schizophrenia as well as to rule out the presence of psychiatric
disorders in healthy controls. The Positive and Negative Syndrome
Scale (PANSS) (27) was used to assess the clinical symptoms
and the patients were scored in accordance with the consensus
five-factor (i.e., positive, negative, disorganized/concrete, excited,
depressed) PANSS model (28). Information on tobacco, alcohol,
and illicit drug use in the past 3 months was collected using a
substance use questionnaire. Whole blood samples were collected
after overnight fasting and processed according to standardized
blood collection and processing protocol (see supplementary
methods for more details). Plasma levels of clozapine were
measured and chlorpromazine equivalent dosage (excluding
clozapine) were calculated for the 31% (n = 22) of participants
with schizophrenia who were taking concomitant antipsychotic
medication in accordance with published guidelines (29, 30).
All the participants provided written informed consent and the

TABLE 1 | Demographic data and clinical characteristics of participants.

Characteristic Schizophrenia Controls P-value
(n=171) (n =57)
Age, mean (SD) years 40 (10) 40 (11) 0.7022
Gender, n (%) males 53 (75) 35 (61) 0.108°
RIN, mean (SD) 8.4 (0.9 8.7(0.3)  0.006*
Ancestry, n (%) CEU 62 (90) 50 (88) 0.742°
Substance use in past 3 months, n (%)
Tobacco (smoked) 33 (47) 12 (21) 0.003"
Alcohol 59 (83) 55 (97) 0.016”
Cannabis 11 (15) 7(12) 0.385°
Amphetamine 4 (6) 2 (4) 0.439°
Cocaine 00 2(4) 0.137°
Opiates 1(1) 1) 0.990°
Clozapine plasma level, mean (SD) 432 (234) - -
po/L
Chlorpromazine equivalent (excluding 142 (286) - -
clozapine) dosage mean (SD) mg/day
Age of onset, mean (SD) years 22.5 (6) - -
Duration of illness, mean (SD) years 17 (8) - -
PANSS scores, mean (SD)
Positive 10 (6) - -
Negative 15 (5) - -
Disorganized 8 (3) - -
Excitement 62 - -
Depression 6 (3) - -
Total 62 (14) - -

CEU, Northern and Western European ancestry; TRS, treatment-resistant
schizophrenia; RIN, RNA integrity number; PANSS, Positive and Negative Syndrome
Scale.

éIndependent sample t-test.

bChi-square (¢°) test.

*P < 0.05.

study protocol was approved by the Melbourne Health Human
Research Ethics Committee (MHREC ID 2012.069). The study
complied with the Declaration of Helsinki and its subsequent
revisions (31).

In Vitro Clozapine Exposure Samples

To assess the effect of clozapine exposure on gene expression of
our candidate transcripts, fresh frozen PBMCs from 15 healthy
individuals (8 males and 7 females) of European ancestry with a
mean age of 35 (SD = 13.5; range 20-54 years) were purchased
from STEMCELL™ Technologies, Inc. (Vancouver, BC, Canada).
A sample size of 15 was sufficient to detect a large effect (Cohen’s
d = 0.80) between exposed and unexposed conditions at @ = 0.05
and power (1 — p) = 0.80. The percentage of current smokers
among the donors was 33.3% (n = 5). All the donors were tested
for HIV-1, HIV-2, hepatitis B and hepatitis C prior to blood
collection.

Peripheral blood mononuclear cells isolated from whole
blood were supplied as vials containing 100 million cells. PBMCs
were rapid-thawed from liquid nitrogen and seeded in six-well
plates in triplicates at a concentration of 2 million cells per well
(1 x 10° cells/mL) in RPMI-1640 medium (Sigma-Aldrich; St.
Louis, MO, USA) supplemented with L-glutamine (0.3 g/L) and
sodium bicarbonate (2 g/L), penicillin (100 U/mL), streptomy-
cin (100 pg/mL), and 10% fetal bovine serum for 24 h. Cells were
then exposed to clozapine (Sigma-Aldrich, St. Louis, MO, USA)
for 24 h and 7 days, at a concentration of 1.2 uM (control cells
were exposed to vehicle only, see supplementary methods for
details) and incubated at 37°C in 5% CO,. Clozapine was initially
dissolved in absolute ethanol and media was used for dilution.
The final concentration of ethanol on each well was 1 in 8,000.
The concentration of clozapine used was determined from the
mean plasma concentration of clozapine found in the first 48
recruited clinical samples (1.2 uM or 384 ng/mL). Toxicity assays
(CytoTox 96® Non-Radioactive Cytotoxicity Assay; Promega
Corporation, Madison, WI, USA) were performed at baseline,
24 h and 7-day time points after clozapine exposure to meas-
ure the production of lactate dehydrogenase within the media
(see Figure S1 in Supplementary Material for more details).

RNA Extraction, Complementary DNA
(cDNA) Synthesis, and Quantitative Real-

time PCR

PureLink RNA Mini Kit (ThermoFisher scientific, Waltham,
MA, USA) was used to extract total RNA from both clinical
and in vitro samples following standard manufacturer’s instruc-
tions. The RNA integrity number (RIN) range was 3.60-9.50
(mean = 8.59, SD = 0.79). Total RNA was reverse transcribed
to complementary DNA (cDNA) using SuperScript® IV First-
Strand Synthesis System (Invitrogen, Foster city, CA, USA) using
random hexamers. cDNA (10.25 ng) was used as a template for
real-time PCR (RT-qPCR) using master-mix and gene specific
validated Tagman assays from Applied Biosystems, Foster City,
CA, USA. Inventoried assays (TagMan®, Invitrogen, USA) were
used for all the genes of interest as well as for four reference genes
(beta-actin, ACTB; ubiquitin C, UBC; ABL proto-oncogene 1,
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ABLYI; Succinate Dehydrogenase Complex Flavoprotein Subunit A,
SDHA). See Table S1 in Supplementary Material for a list of each
of the probes and primers.

Complementary DNA (10.25 ng) was subjected to quanti-
tative real-time PCR in duplicate using FAM-MGB TagMan®
gene expression probes (Invitrogen, Foster city, CA, USA) in
192 X 24 Dynamic Arrays IFC in Fluidigm® BioMark™ HD
system (South San Francisco, CA, USA) at the Monash Health
Translation Precinct Medical Genomics Facility (Hudson
Institute of Medical Research, Clayton, VIC, Australia). In addi-
tion, no reverse transcriptase controls and no template controls
were included to rule out genomic DNA contamination and
reagent contamination, respectively. Adhering to minimum
information for publication of RT-qPCR (MIQE) guidelines
(32), normalized relative quantities (NRQ), i.e., 274 where
AC = [Ct(candidate gene) — C (geometric mean of reference genes)] of each mRNA
isoform was calculated using the geometric mean expression
of two reference genes (UBC and ACTB) that did not differ
between groups in the clinical cohort. ABL-1 and SDHA were
not used as reference genes because their expression differed
significantly by group in the clinical cohort (Figures S2-54 in
Supplementary Material). In the in vitro cohort only, ABL-1 was
stable after 24 h clozapine exposure and ACTB was stable after
7 days clozapine exposure and were used for normalization and
subsequent analysis at specific time points.

Statistical Analysis

Two-sided tests were used for all statistical analyses. Shapiro-
Wilk test and quantile-quantile (Q-Q) plots were used to assess
normality of variable distributions. Student’s t-tests were used to
test differences for continuous variables between schizophrenia
patients and healthy controls, while chi-squared (y?) tests were
used for categorical variables. The Benjamini and Hochberg
(B-H) step-up procedure (33) was used to adjust for multiple
comparisons for all analyses. Effect sizes were calculated using
the Hedges’ g method (34).

Prior to analysis, the NRQ values for all the mRNA transcripts
were checked for normality using Q-Q plots (Figure S5 in
Supplementary Material) and as required were log;, transformed
for subsequent analysis. In addition, we assessed the following
variables as potential confounders: age, sex, RIN, alcohol use,
and smoking status. A variable was considered a confounder and
included in our statistical models only when it was significantly
different between groups (P < 0.05) and was significantly associ-
ated with gene expression. The log-transformed NRQ values
were compared among groups using general or generalized linear
models based on their distribution and adjusted for appropriate
covariates. Outliers were identified using the Grubbs’ test for
outliers and removed from further analysis.

Within the schizophrenia group, Pearson or Spearman
correlations, depending on data distribution, were calculated
between gene transcript levels and symptom severity, age of
onset, illness duration, current chlorpromazine equivalent dose,
and clozapine plasma levels. In addition, mRNA transcript levels
between participants in positive symptom remission and non-
remission were assessed using a ¢-test or Mann-Whitney U test.
Positive symptom remission was defined as a PANSS score of <3

on delusions, hallucinations, grandiosity, and unusual thought
content (28).

To assess differences in gene expression between clozapine
exposed and unexposed PBMCs at both time points (24 h and
7 days), Wilcoxon matched paired ¢-test were used, adjusting for
age, gender, and RIN.

RESULTS

NRG-ErbB Signaling Pathway Transcripts

Are Upregulated in TRS

Two (ErbBI, ErbB4) of the 11 NRG-ErbB pathway mRNA tran-
scripts interrogated, were not detectable in more than 80% of the
full cohort and so were removed from further analysis. The rates
of non-detects were not significantly different between groups
(ErbB1I: case 95%, control: 97%; ErbB4: case 81%, control 85%).
Analysis on the remaining nine transcripts showed significantly
elevated levels of five transcripts: ErbB3 (P = 0.046), PIK3CD
(Praw = 0.035), AKTI (Payy = 0.018), P70S6K (Prayy = 0.002), and
eIF4EBP1 (P.., = 0.013) in TRS patients compared to healthy
controls after adjustment for covariates. However, only P70S6K
(Ps-1 = 0.018) remained significant after correction for multiple
comparisons (Figure 2). Importantly, transcript levels were
not correlated with clozapine plasma levels or chlorpromazine
equivalent antipsychotic exposure (excluding clozapine) (Table
S2in Supplementary Material). The lack of relationship between
mRNA levels and clozapine levels were further corroborated by
our in vitro analysis that showed no difference in mRNA levels
of detectable transcripts (n = 9) in clozapine exposed compared
to unexposed PBMCs, except mTOR mRNA which showed
decreased expression levels in clozapine exposed cells at both
24 h (P =0.001) and 7-day (P = 0.05) time points (Figures S6
and S7 in Supplementary Material).

NRG-ErbB Signaling Pathway Transcripts
Are Associated with Duration of lliness
but Not Age of Onset or Symptom Severity

Among individuals with TRS, significant negative correlations
between duration of illness and ErbB2 (r = —0.293, P, = 0.016,
Py =0.031), PIK3CD (r = —0.303, Prow = 0.013, Pg.y = 0.031),
PIK3R3 (r —0.275, Prnw = 0.025, Peu = 0.038), AKTI
(r = —0.290, P, = 0.017, Py.y = 0.031), mTOR (r = —0.339,
P..w=0.005, Pp.;; = 0.023), and P70S6K (r = —0.347, Py, = 0.005,
Pg1 = 0.023) expression were detected (Figure 3). None of the
reference genes were significantly correlated with duration
of illness, UBC (r = —0.139, P« = 0.263), ACTB (r = 0.232,
Pw = 0.59). No significant correlations were observed
between any of the transcripts and age of onset (Table S2 in
Supplementary Material).

A significant positive correlation between ErbB2 expres-
sion and PANSS excitement score (r = 0.289, P, = 0.014,
Py 11 = 0.667) was observed but did not survive correction for
multiple comparisons (Table S3 in Supplementary Material).
An exploratory examination of TRS patients in positive
symptom remission versus non-remission revealed no statisti-
cally significant differences in levels of any of the gene mRNA
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FIGURE 2 | Normalized relative quantities (NRQ) of the gene transcripts: (A) NRG2 [treatment-resistant schizophrenia (TRS): 3.11, interquartile range (IQR) = 1.5-
5.12, controls: 3.44, IQR = 1.89-6.34; F;, 111 = 0.524, P = 0.113]; (B) ErbB2 (TRS: 3.72, IQR = 2.39-6.19, controls: 3.44, IQR = 2.42-5.73; Wald y? = 0.029,
P =0.864); (C) ErbB3 (TRS: 2.39, IQR = 1.26-3.35, controls: 1.38, IQR = 0.82-2.70; F, 126 = 4.071, P = 0.083); (D) PIK3CD (TRS: 4.57, IRQ = 3.45-7.34,
controls: 3.86, IQR = 2.94-5.16; Wald y? = 4.464, P = 0.079); (E) PIK3R3 (TRS: 1.34, IQR = 0.86-2.17, controls: 1.02, IQR = 0.8-1.85; Wald »° = 0.104,
P =0.84); (F) AKT1 (TRS: 0.94, IQR = 0.75-1.61, controls: 0.75, IQR = 0.59-1.11; Wald »2 = 5.605, P = 0.054); (G) mTOR (TRS: 2.10, IQR = 1.66-3.69, controls:
1.44,1QR = 1.44-2.65; Wald y? = 4.746, P = 0.20); (H) P70S6K (TRS: 1.57, IQR = 1.16-2.68, controls: 1.02, IQR = 0.77-1.58; Wald y? = 13.90, P = 0.018);
() elF4EBP1 (TRS: 3.81, IQR = 2.88-5.58, controls: 2.80, IQR = 2.30-3.55; Wald y2 = 8.71, P = 0.054). Error bars represent median with interquartile range.
Benjamini-Hochberg adjusted P-values are shown (*P < 0.05).

transcripts after correction for multiple comparisons (Table S4 ~ exposure experiment suggested clozapine might reduce rather

in Supplementary Material). than increase transcription of genes within the NRG-ErbB signal-
ing pathway, particularly mTOR expression. Overall, our findings

DISCUSSION support our hypothesis that there is a generalized increase in
NRGTI signaling in people with TRS.

Our findings suggest transcription in the NRG-ErbB signaling Previous findings by us and others support the notion of

pathway is upregulated in the whole blood of individuals with ~ increased transcription of genes within the NRG-ErbB signal-
TRS and is negatively correlated with duration of illness. Among  ing pathway in schizophrenia. We recently showed in the same
the nine detectable NRG-ErbB pathway transcripts we exam-  cohort used in the current study, an increased expression of
ined, five (ErbB3, PIK3CD, AKT1, P70S6K, and eIF4EBPI) were three NRGI transcripts [i.e., NRGI-EGFa, NRGI-EGFp, and
elevated and, of these, P70S6K survived correction for multiple NRGI-typel(g)] in TRS compared to controls (24). In addition,
comparisons. Importantly, we could not attribute this upregula-  several studies by others have reported increased expression of
tion of peripheral transcription in the NRG-ErbB pathway to age,  specific isoforms of NRG1 (18) and mRNA of down-stream sign-
sex, or medication. In fact, results from our in vitro clozapine  aling molecules, including PIK3CD, PIK3CB (16, 22), and AKT1
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(G) P70S6K (r = —0.347, Ps1 = 0.023) mRNA expression. Expression of PIK3R3, mTOR, and P70S6K are represented as the standardized residual from a linear
regression model after adjusting for potential confounds [i.e., age for PIK3R3, RNA integrity number (RIN) and smoking for mTOR, age, RIN and smoking for
P70S6K]. Solid lines represent the line of best fit and dotted lines represents 95% confidence intervals for the line of best fit.

Frontiers in Psychiatry | www.frontiersin.org

17

November 2017 | Volume 8 | Article 225


http://www.frontiersin.org/Psychiatry/
http://www.frontiersin.org
http://www.frontiersin.org/Psychiatry/archive

Mostaid et al.

Peripheral NRG-ErbB Upregulated in Schizophrenia

(22, 23) in schizophrenia patients. Furthermore, other down-
stream signaling molecules, such as mTOR, P70S6K, and eIF4B,
have been shown to be increased in major depressive disorder
(35). However, as we are not aware of any human studies that have
interrogated P70S6K, in schizophrenia, we are the first to report
increased mRNA of P70S6K in TRS.

P70S6K encodes for a vital kinase in the mTOR signaling path-
way (36-38) that when phosphorylated by mTOR results in phos-
phorylation and activation of translation elongation factors eIF4B
and eEF2K, thereby promoting protein translation (39, 40). Our
findings suggest upregulation of P70S6K, in part, may result from
an increase in transcription of several genes upstream of P70S6K
within the NRG-ErbB signaling pathway. However, other genes
(i.e., BDNF, DISCI) as well as neurotransmitters (i.e., glutamate,
serotonin) and hormones (e.g., insulin) have also been shown to
activate the PI3K-AKT-mTOR signaling pathway (41-43) and as
such may contribute or confound the increase in P70S6K expres-
sion we have observed. However, most studies find decreased
BDNF levels in the blood of people with schizophrenia (44) and
suggest some degree of insulin resistance in clozapine-treated
patients (45). Future investigations should attempt to account
for these other signaling factors and the potential confounders
of metabolic changes in people with schizophrenia being treated
with clozapine, as doing so will further elucidate the suitability
of P70S6K as a peripheral biomarker of over-activity in the NRG1
pathway in schizophrenia.

We also detected trend-level increases in three transcripts
(ErbB3, PIK3CD, and AKTI) upstream of mTOR, within the
NRG-ErbB signaling pathway among those with TRS. These
increases in whole blood expression are, in part, supported by
previous studies that have shown an increased AKTI mRNA
expression in PBMCs from individuals with early-onset (23)
and treatment-naive schizophrenia (46), suggesting peripheral
upregulation of NRG-ErbB pathway transcripts may not be speci-
fic to the stage of illness and may occur during the first phases of
schizophrenia and continue during the chronic phases. However,
six of the mRNA transcripts (ErbB2, PIK3CD, PIK3R3, AKTI,
mTOR, and P70S6K) we examined were negatively correlated
with duration of illness, suggesting that as the illness progresses
the upregulation of transcription within the NRG-ErbB signal-
ing pathway might become less apparent. However, it is not clear
whether this correlation represents a potential disease process
and/or a compensatory response in an effort to maintain signaling
homeostasis. Studies examining patterns of NRG-ErbB signaling
pathway transcripts over the course of the illness are required to
confirm this notion and determine the underlying mechanism.

We did not find differences in the peripheral expression of
NRG2 between TRS patients and controls. To our knowledge,
we are the first to examine NRG2 mRNA in the blood in
schizophrenia or other psychiatric disorder. However, a recent
study showed that ablation of NRG2 in the adult mouse brain
mimicked dopaminergic imbalance seen in schizophrenia
(i.e., high subcortical dopamine, low cortical dopamine) and
resulted in severe behavioral phenotypes relevant to psychiatric
disorders (47). Thus, NRG2 may play a role in the pathophysio-
logy of schizophrenia but based on our results seems less likely
to serve as a peripheral marker of neurobiological changes found

in schizophrenia. Likewise, ErbB2 mRNA expression seems an
unlikely peripheral marker of schizophrenia based on our null
findings as well as findings from others that reported no differ-
ence in ErbB2 mRNA expression in monocytes of first-episode,
drug-naive patients with schizophrenia compared to healthy
controls (48). However, this same study suggested that there
may be an exaggerated NRGI stimulated cytokine response
from PBMC in people with schizophrenia compared to controls
(48), suggesting a link between overactive NRGI signaling and
inflammation.

Our study has notable limitations. First, we were unable to
compare affected individuals with and without TRS and as such
the specificity of our results to TRS patients remains to be con-
firmed. Second, we analyzed cross-sectional data, which makes
it complicated to predict how gene expression patterns might
change with disease progression and their possible relation to
clinical symptoms. Third, we measured gene expression in whole
blood, as this tissue is clinically accessible and commonly used
in biomarker research. However, it is unclear how our findings
will relate to other peripheral (PBMCs or lymphocytes) or central
tissues (e.g., brain) despite some suggestion for their relevance in
schizophrenia (49). Fourth, we did not investigate all transcripts
within the NRG-ErbB pathway (i.e., PIK3CA-B, PIK3R1-2, eIF4B,
eEF2,and eIF4E). We instead, chose transcripts based on evidence
from the current literature in schizophrenia. Furthermore, we
only interrogated mRNA levels of our candidate genes within the
NRG-ErbB pathway and as such cannot rule out the potential that
genetic, protein, and/or epigenetic markers in this pathway may
differ in those with schizophrenia. Fifth, our sample size was rela-
tively small and as such requires independent validation. Finally,
our in vitro clozapine exposure experiments examined a single
clozapine concentration (1.2 uM) that was guided by pilot data
from our study population. While this concentration of clozapine
does reflect steady state plasma concentrations (50-52), future
work with PBMCs should examine multiple concentrations that
reflect the range of clozapine blood levels observed in the clinic
together with interrogating a greater number of candidates at
both genetic, gene expression and protein levels.

In summary, our results provide the first peripheral gene
expression profile of the major NRG-ErbB pathway genes among
individuals with TRS. We detected an overall upregulation of
NRG-ErbB pathway transcripts among those with TRS, most
robustly for P70S6K. We further showed that most of the tran-
scripts we examined were negatively correlated with duration
of illness, suggesting the upregulation of NRG-ErbB pathway
transcripts we observed in the current chronic schizophrenia
cohort may be more easily detectable among individuals at earlier
stages of the illness relative to healthy individuals. If this notion
is substantiated by future research, NRG-ErbB pathway gene
expression may serve, in part, as a useful peripheral biomarker
for staging of the illness and possibly assist in the identification
of those at greatest risk for TRS.
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drug therapy, case management, and individual and group psychotherapy (not focused
on SC). Intervention group was treated with e-Motional Training®, an online program
devised for SC rehabilitation.

Statistical analysis: A descriptive analysis and parametric/non-parametric tests were
used to compare both groups at baseline. Analysis of covariance was used to compared
post—pre changes in SC between the two interventions. If the group effect was significant,
follow-up univariate test (t-test for dependent samples) was carried out in each group to
verify whether the effect was due to improvement in the intervention group or deteriora-
tion in the control group. We considered statistically significant differences with P < 0.05.

Results: Significant improvements were obtained in the intervention group in emotion
recognition and most ToM variables in comparison with the control group.

Discussion: e-Motional Training® seems to be a promising online training tool for SC defi-
cits in schizophrenia, covering the lack of similar intervention instruments in our community.

Keywords: cognition, emotional adjustment, theory of mind, schizophrenia, emocional perception

BACKGROUND

Social cognition (SC) is defined as the mental operations that underpin perceiving, interpreting, and
generating responses during social interactions, including the intentions, dispositions, and behaviors
of others (1). The Social Cognition Psychometric Evaluation study identified four core domains
of SC, namely emotion recognition (ER), social perception, theory of mind (ToM)/mental state
attribution, and attributional style (AS)/bias (2).
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In schizophrenia, negative symptoms have been associated
with poor performance in SC (3). In particular, individuals with
schizophrenia show deficiencies in ER compared with non-clinical
participants (4, 5), and these difficulties are significantly associ-
ated with symptom severity (6). These limitations are primarily
manifested in the identification of negative valence emotions,
especially the emotion of fear (7-10). Longitudinal studies have
shown that these difficulties are stable over the course of the
disease (11, 12) although there is evidence that individuals in the
remission phase perform better on ER tests than individuals who
are in the acute phase of the disorder (6). These difficulties are also
considered to have a moderate association with social functioning
of hospitalized patients (13) in comparison with outpatients (14).

Moreover, difficulties in ToM have been associated with
negative symptoms, passivity, behavioral disorders, and paranoid
symptoms (3, 15, 16). Studies have found that greater hostile
attributions (e.g., increased tendency to report guilt/hostility/
aggression in response to ambiguous social situations) correlate
with higher levels of positive symptoms, anxiety, depression, and
general emotional discomfort (17, 18).

In schizophrenia, these difficulties are associated with poorer
social functioning (19), fewer social relationships, and poorer
quality of life (5, 20). Various research studies have found that
SC serves as a mediator between neurocognition and functional
results (21) and determines the quality of interpersonal interac-
tions, which facilitates the enjoyment of recreational activities
for individuals with schizophrenia (22-25). SC is considered a
predictor of social functioning even more relevant than neu-
rocognition (19). However, these difficulties are not restricted
to schizophrenia but are also observed in other severe mental
disorders (26-28).

Patients with schizophrenia often report these difficulties.
Therefore, there is a urgent need to find new treatment strategies
to enable individuals with schizophrenia to improve these skills
(29), given that drug treatments (typical and atypical antipsy-
chotics) generally only have a marginal impact on the domains
that constitute SC and social functioning (30). Conversely, there
is evidence that SC in schizophrenia can be improved through
psychosocial intervention (29, 31-34).

In view of the significant impact of social cognitive deficits
on daily functioning, many interventions have been developed
over the past decade to ameliorate social cognitive deficits.
Some interventions using virtual reality, cognitive behavioral
techniques, and errorless learning in social skills training show
positive results in social functioning, but without specifically
targeting SC (35-38). Targeted interventions hold much promise
for improving SC, particularly ER and ToM. Improvement in
ER has been reported, particularly in facial affect recognition.
Most of these targeted interventions, such as Training of Affect
Recognition (39), Attention Shaping, or MicroExpression
Training Tool (40), focus primarily on training affect recogni-
tion with good outcomes. ToM is the second most commonly
targeted domain, with Mental-State Reasoning Training for
Social Cognitive Impairment (SoCog-MSRT) (41), Mary Eddie
Bill (MEB) (42), Emotion and ToM Imitation (43), and Theory of
Mind Intervention (44) developed to provide effective in-depth
training, but with contradictory results in this domain (45). AS

is only specifically targeted in SoCog-MSRT and MEB. Social
perception and AS appear to be more difficult to measure and
train, as evidenced by a meta-analysis that showed no significant
effects on these two domains after social cognitive training (46).
Besides video clips, cartoon comic strips, and photographs,
computerized online social cognitive games and virtual reality have
recently been utilized with high patient satisfaction (36, 37, 47).
Specifically, virtual reality has been used for social skills training,
but its application has not been yet oriented toward SC training.
e-Motional Training® 1.0 (ET) allows online self-training and
stores the data of each individual session. ET is designed follow-
ing the basic principles of neuropsychological rehabilitation in
this domain (48-50). The program aims to deliver realistic and
natural but attractive exercises of short duration without irrel-
evant stimuli or distractions, while offering continuous feedback.
ER tasks are designed with increasing difficulty, starting with
tutorials, following with eyes and mouths recognition and finally
scaling to microexpression training. An animated short film with
33 scenes is the vehicle for ToM, social perception, and AS stories.
After each scene, a series of questions including ToM, AS, and
control questions are posed. When the answer is incorrect, the
patient receives metacognitive suggestions, which lead the user
to think about the situation from a different perspective or
prompts the user to pay attention to specific aspects of the film.
The program was composed of 12 1-h sessions (the minimum
number of face-to-face sessions reported in previous studies).
Our hypothesis was that intervention with treatment as usual
(TAU) + ET results in greater improvements in the main domains
of SC and the measures of social functioning compared with TAU.
The aim of this study is therefore to assess the possible effects
of a new SC training program, e-Motional Training® 1.0 (ET), in
ER, ToM, AS, and social functioning.

METHOD

A randomized, multicenter, single-blind clinical trial was
performed. Sixty patients with schizophrenia were recruited
in Psychiatric Day Hospitals at Ourense, Coruna and Vigo and
in Associations of Persons and Families with Mental Illness at
Vigo, Santiago de Compostela, Coruna and Ourense. After
recruitment, the sample was randomized in each center into two
balanced groups.

Inclusion and Exclusion Criteria

We included patients who voluntarily agreed to participate in
the study, aged 18-50 years with a diagnosis of schizophrenia
(DSM-IV TR), who were clinically stable (no acute psychotic
symptoms and not hospitalized during the last 3 months), and
who had no comorbidity with other psychiatric or neurological
diseases (International Neuropsychiatric Interview-MINI) and
excluding current substance abuse (except nicotine).

Treatment Conditions

Control Group (TAU)

All patients received drug therapy, case management, and indi-
vidual and group psychotherapy not focused on social cognitive
rehabilitation.
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Intervention Group (TAU + ET)
The intervention group received the same intervention of control
group plus 12 sessions (1 h per week) with ET®. All participants
in the intervention group completed the same number of ses-
sions. To start the intervention, the patient accessed the website
www.e-motionaltraining.com (version 1.0) and registered with a
username and password. The first four meetings (1 h each ses-
sion) were dedicated to recognizing facial emotions. This section
included a pretest and posttest, tutorials, and scaling minigames
starting with eyes and mouths and finally microexpression
(<250 ms) training. The next eight sessions (1 h each) include
watching a short, interactive animated cartoon in which a couple
invites their friends to their home for a party. As the story unfolds,
instances of miscommunication occur among the actors, causing
various emotions and mental conditions such as anger, affection,
appreciation, and jealousy. After each scene, the user is queried
about what happened, with questions about ToM (interpreting
irony, insinuations, faux pas, second-order false beliefs, etc.),
social perception (interpretation and analysis of the social situa-
tion through the visual content of each scene), and AS (the indi-
viduals’ attributions to the events, and questions such as, “What
kind of thinking would result in Cristina getting better results in
this situation?”), as well as control questions. The game provides
user feedback and, in the event of errors, can display a hyperlink
with information and metacognitive strategies, whose objective
is to help users understand the scene that they just watched.
Supervision of the ET group was conducted by the center’s staff
as a routine activity, and evaluators were blind to the assignment.
No help or guidance regarding social cognitive issues was given,
and only advice regarding computer use was provided.

Measurements

Symptoms and Cognitive Ability

Positive and Negative Symptom Scale (PANSS)

Positive and Negative Symptom Scale assesses positive and nega-
tive symptom severity (51). The scale consists of 30 items (symp-
toms) that are scored from 1 (absent) to 7 (extreme). The scale
has three subscales: positive (PANSS-P), negative (PANSS-N), and
general psychopathology (PANSS-GP).

Kaufman Brief Intelligence Test (K-BIT)

Kaufman Brief Intelligence Test provides a verbal intelligence
quotient (IQ), a non-verbal IQ, and a compound IQ that sum-
marizes the total performance on the test (52).

Social Cognition

Ekman 60 Faces Test

The test contains 60 photographs of faces with expressions of
the 6 basic emotions: anger, disgust, sadness, fear, surprise, and
happiness (53). An overall score of 60 indicates the best possible
performance, and each basic emotion also has a maximum score
of 10 points.

Hinting Task

Ten stories are presented to the patient who must infer the char-
acters actual intention when using indirect speech (54). The total
score on the test ranges from 0 to 20 (55).

Recognition of Faux Pas

The participant must recognize the embarrassing situations in the
10 faux pas’ stories, while correctly rejecting misinterpretation
of the 10 control situations (56). The test provides scores for five
variables: faux pas detection, understanding inappropriateness,
intentions, and belief and empathy (57).

E. Happé’s Strange Stories

F. Happés Strange Stories include stories containing irony and
white lies utterances (58). In each of the stories, the character says
something that should not be interpreted literally. The participant
is asked to explain why the characters said what they said.

Movie for the Assessment of Social Cognition (MASC)

A short film is shown to the participant who must answer a series
of questions regarding the ToM and emotional content depicted
in social interactions (59).

Ambiguous Intentions Hostility Questionnaire (AIHQ)

The ATHQ is an AS questionnaire to measure the biases of hostility
perception, composite blame, and aggressive response (60). The
ATHQ is composed of 15 hypothetical negative situations. Each
situation was varied in intentionality: five scenarios are accidental
(e.g., “You're dancing at a club and someone bumps into you from
behind?”), five scenarios are ambiguous (e.g., “You walk past a
bunch of teenagers at a mall and your hear them start to laugh?”),
and five scenarios are intentional (e.g., “Your neighbors are playing
loud music. You knock on the door and ask them to turn it down.
Fifteen minutes later, the music is loud again?”). First, participants
are prompted to imagine the scenario happening to them. Then,
they are asked to write down what is the reason they think that
other person (or persons) acted that way. The ATHQ yielded
hostility perception and aggressive response bias scores and a
composite blame bias score. The scales for the hostility perception
and aggressive response indices were rated by rater from 1 (“not at
all hostile”) to 5 (“very hostile”) and 1 (“not at all aggressive”) to 5
(“veryaggressive”), respectively. The composite blame score (range,
1-5.3) is an average score of subjects’ ratings of intent (range, 1-6;
rating about the degree to which the other person committed the
act on purpose), anger (range, 1-5; rating about how angry the
situation would make subject feel), and blame (range, 1-5; rating
about how much subjects blame the other person for the outcome).

Emotional Intelligence

Mayer-Salovey-Caruso Emotional Intelligence Test (MSCEIT)
This test is composed of 141 items and provides a score for
emotional intelligence (EIQ), which in turn can be divided into
two domains: experiential (EEIQ) and strategic emotional intel-
ligence (SEIQ) (61). The test also provides scores for four areas of
emotional intelligence: the ability to perceive emotions accurately
(PEIQ), using emotions to facilitate thought (emotional facilita-
tion, FEIQ), understanding emotions (UEIQ), and managing
emotions (MEIQ).

Social Functioning

Social Functioning Scale (SFS)

This scale is specifically designed to assess the social functioning
of individuals with schizophrenia (62). The scale consists of seven
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subscales: social isolation/interaction, interpersonal commu-
nication, independence-execution, independence-competence,
free time, prosocial activities, and employment/occupation. We
applied the self-reported version (SFS-SR).

Sample Size

In our pilot study (63), the measure with most reduced differences
pre—post intervention was Happé’s Strange Stories with an initial
mean (+SD) of 8.20 (+3.58) that increased to 11.20 (+4.68) after
intervention. By using these measures for a power of 80% and a
confidence level of 95%, the required sample size, assuming 5%
of losses, was 30 patients in each group.

Ethical Aspects

This study has been carried out in accordance with national and
European legislation on clinical research, following international
ethical recommendations, the Declaration of Helsinki, and the
Council of Europe with regard to the Convention on Human
Rights and Biomedicine. The study has complied at all times
with the requirements established in the Spanish legislation in
the field of biomedical research, personal data protection, and
bioethics. This study was approved by the local ethics committee
(Comité de Etica e Investigacion Clinica de Galicia) (Registration
code: 2014/459) and registered in an international RCT database
(BioMed Center: ISRCTN83459317).

Statistical Analysis

Quantitative Gaussian variables were described by mean, SD, and
not Gaussian variables as median (range). The qualitative variables
were described by frequencies and percentages (%). Parametric/
non-parametric tests (Chi square for categorical variables and
Student’s ¢-test and Mann-Whitney U test for continuous vari-
ables) were used to compare both groups at baseline.

We compared post-pre changes in SC between the two inter-
ventions (TAU + e-Motional Training® vs. TAU) with an analysis
of covariance (ANCOVA), entering the change scores on each test
(Ekman, Faux Pas, Happé, Hinting, MASC, MSCEIT, and ATHQ)
as the dependent variable, treatment as the fixed group effect, and
K-BIT score as the covariate.

If the group effect was significant, follow-up univariate test
(t-test for dependent samples) was carried out in each group to
verify whether the effect was due to improvement in the interven-
tion group or deterioration in the control group.

We considered statistically significant differences with
P < 0.05. The sample size was calculated using the Epidat 4.1,
and the analyses were performed with SPSS 22.0 and R (http://
WWW.r-project.org).

RESULTS

A total of 77 participants were selected, 15 patients did not meet
inclusion criteria, and 1 suffered a relapse prior to randomization.
Finally, 61 patients were assigned to the control group (TAU)
or to the intervention group (TAU + ET) between January and
November 2015 (Figure 1). Prior to retest one patient in the
control group abandoned the study and was excluded for further
analysis.

Most of the patients recruited were men 47 (78.3%), with a
mean (+SD) global age of 39.17 years (+7.03).

There were no significant differences between the two groups
at baseline in sociodemographic variables (age, gender, and edu-
cation) compound IQ (P = 0.385) and non-verbal IQ (P = 0.143)
measured with K-BIT. However, significant differences were
observed in the verbal IQ (P = 0.042) being the scores in both
groups within the normality range (Table 1).

All participants were treated with antipsychotics, with a
mean chlorpromazine dose 634.82 (+513.01) in control group
and 564.74 (+340.19) in the intervention group. There were no
significant differences between them (P = 0.807).

To demonstrate the existence of differences in SC variables
after treatment, we compared post-pre changes between the
two interventions (TAU + e-Motional Training® vs. TAU) with
an ANCOVA, entering the change scores on each test (Ekman,
Faux Pas, Happé, Hinting, MASC, MSCEIT, and ATHQ) as the
dependent variable, treatment as the fixed group effect, and K-Bit
score as the covariate. ANCOVA results are displayed in Table 2.
These results indicate that there were statistically significant dif-
ferences in change scores between e-Motional Training® and TAU
group in Ekman’s (F = 48.805, P < 0.001) with a large effect size
(‘I’]; =0.461), Faux Pas (F = 9.728; P = 0.003) with a large size
effect (n; =0.146), Happé ToM (F = 9.447; P = 0.003) with a
large effect size (ni =0.142), Hinting (F = 14.286; P < 0.001) with
a large effect size (n; =0.200), MASC change score (F = 12.466;
P = 0.001) with a large size effect (ni =0.179), and PANSS
negative change score (F = 5.169; P = 0.027) with a moderate size
effect (n; =0.083). No differences were found in Faux Pas and
Happé control stories change scores nor in MSCEIT or PANSS
positive change scores. Finally, regarding the Ambiguous Stories
of ATHQ, only differences in aggressive bias (F = 4.405; P = 0.04)
were significant with a moderate size effect (nf7 =0.072).

Subsequently follow-up univariate tests (¢-test for dependent
samples) were carried out in ANCOVAS significant variables
confirming that the effect was due to improvement in the inter-
vention group and not to deterioration in the control group
(P < 0.001). Changes in PANSS negative (P = 0.001) and AIHQ
aggressive bias (P = 0.018) were also due to improvement in the
intervention group.

There were no differences in the seven variables of the SFS-SR.

DISCUSSION

One of the main objectives of cognitive therapy in schizophrenia
is to improve social functioning. In this regard, SC programs
seem more promising than those directed at neurocognition (29).
However, during the last decade, SC rehabilitation has been deliv-
ered in group format requiring a significant number of sessions and
specialized training for the therapists, therefore limiting its acces-
sibility (64). Bearing these questions in mind, our team designed
ET showing its feasibility in a pilot study (32). This study is the first
randomized controlled trial conducted with this program.

After treatment, the intervention group showed a significant
improvement in ER (Table 2) reaching scores posttreatment
within the normal range (65), this result is consistent with other
interventions (40, 66-68).
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Initial sample
(n=77)
Relapse Do not meet inclusion criteria
(n=1) (n=15)
Randomized
(n=61)
: + .
TAU Baseline TAU+ET Baseline
(n=31) (n=30)
Post-treatmet (n=30
BN ( ) Post-treatmet (n=30)
Note:1 dropout
FIGURE 1 | Flowchart.

TABLE 1 | Demographic and clinical characteristics of sample (N = 60).

TAU TAU + ET Global P value
Gender, n (%)
Male 23 (76.7) 24 (80.0) 47 (78.3) 0.754
Female 7 (23.3) 6 (20.0) 13 (21.7)
Education, n (%)
Primary 15 (50.0) 11(36.7 26 (43.3) 0.297
Secondary 15 (50.0) 19 (63.3) 34 (56.07)
Continuous variables, mean (+SD)
Age (years) 39.87 (+6.12) 38.47 (+7.88) 39.17 (+7.03) 0.445%
Age at first hospitalization (years) 24.93 (+7.20) 23.48 (+7.20) 24.22 (+7.18) 0.4432
Medication dose (chlorpromazine) 634.82 (+513.01) 564.74 (+340.19) 599.78 (+433.00) 0.8072
Lifetime number of hospitalizations, median (range) 2 (0-11) 1(0-12) 1(0-12) 0.331°
PANSS
PANSS-P 13.13 (+5.43) 15.83 (+6.74) 14.48 (+6.22) 0.093¢
PANSS-N 18.60 (+8.11) 17.67 (+9.12) 18.13 (+8.57) 0.6772
1Q (K-BIT)
Overall IQ 95.30 (+12.80) 101.60 (+37.30) 98.45 (+27.83) 0.385¢
Verbal 95.47 (+20.28) 104.50 (+12.16) 99.98 (+17.19) 0.0422
Non-verbal 83.17 (+24.45) 91.20 (+16.76) 87.18 (x21.17) 0.143=

Data are represented as n (%) for categorical variables, mean (+SD), and median (range). P value: Chi square test.
aStudent’s t-test.
bMann-Whitney U test.

Regarding ToM, the intervention group showed significant  intervention group did not achieve the level of competence of the
improvements at Faux Pas, Happé€’s Strange Stories, Hinting Task, ~ healthy population, as was found in other studies (32, 33, 69).
and MASC (Table 2). However, even with this improvement, our Nevertheless, our study indicates that online rehabilitation of
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TABLE 2 | Results in social cognition variables.

TAU TAU + ET F P Effect size
value n,f
Mean (IC 95%) SD Mean (IC 95%) SD
Ekman pre 41.23 (38.66 to 43.80) 6.89 42.77 (40.76 to 44.77) 5.36
Ekman post 41.03 (38.17 to 43.90) 7.68 50.57 (48.15 to 52.99) 6.48
Ekman change —0.20 (-1.87 to 1.47) 4.48 7.80 (6.12 10 9.48) 4.49 48.805 <0.001 0.461
Faux Pas HC pre 18.53 (17.86 to 19.21) 1.81 16.53 (156.19t0 17.88) 3.60
Faux Pas HC post 18.47 (17.62 to 19.31) 2.27 17.60 (16.55 to 18.65) 2.80
Faux Pas HC Change —0.07 (-0.81 t0 0.68) 2.00 1.07 (0.29 to 1.84) 2.08 4.022 0.050 0.066
Faux Pas pre 27.37 (21.50 to 33.23) 15.71 28.97 (23.72 t0 34.21) 14.05
Faux Pas post 28.47 (22.61 10 34.32) 15.69 37.10 (31.63 to 42.57) 14.64
Faux Pas change 1.10 (-1.51t0 3.71) 6.98 8.13 (4.60 to 11.67) 9.47 9.728 0.003 0.146
Happé TOM pre 8.63 (7.10t0 10.17) 412 8.13 (6.86 to 9.40) 3.40
Happé TOM post 9.20 (7.64 t0 10.76) 417 10.80 (9.38 t0 12.22) 3.81
Happé TOM change 0.57 (-0.36 to 1.49) 2.47 2.67 (1.58t0 3.75) 2.90 9.447 0.003 0.142
Happé HC pre 9.07 (7.65t0 10.48) 3.79 8.77 (7.56 t0 9.97) 3.22
Happé HC post 10.00 (8.66 to 11.34) 3.59 10.60 (9.42 t0 11.78) 3.16
Happé HC change 0.93 (-0.07 to 1.94) 2.69 1.83(0.75 t0 2.92) 2.90 1.708 0.197 0.029
Hinting pre 15.23 (14.12 to 16.35) 2.98 13.60 (11.80 to 15.40) 4.83
Hinting post 15.60 (14.43 t0 16.77) 3.14 16.63 (15.15t0 18.12) 3.98
Hinting change 0.37 (-0.32 to 1.06) 1.85 3.03 (1.79 t0 4.28) 3.34 14.286 <0.001 0.200
MASC pre 21.97 (19.71 t0 24.23) 6.05 283.17 (21.47 t0 24.87) 4.55
MASC post 21.97 (19.81 10 24.12) 5.77 26.23 (24.28 t0 28.19) 5.23
MASC change 0.00 (-1.22 to 1.22) 3.26 3.07 (1.84 to 4.30) 3.29 12.466 0.001 0.179
MSCIT pre 91.80 (86.76 to 96.84) 13.50 94.83 (90.07 to 99.58) 12.50
MSCIT post 90.80 (86.06 to 95.54) 12.69 95.60 (91.14 to 100.06) 11.94
MSCIT change —1.00 (-3.95to 1.95) 7.91 0.03 (—2.55 10 2.62) 6.80 0.315 0.577 0.006
PANSS-P pre 13.13 (11.11 to 15.16) 5.42 15.83 (13.32 to 18.35) 6.74
PANSS-P post 12.03 (10.18 to 13.88) 4.95 14.77 (12.28 to 17.25) 6.65
PANSS-P change —1.10 (-1.63 t0-0.57) 1.42 —1.07 (-2.56 t0 0.42) 3.99 0.002 0.967 <0.001
PANSS-N pre 18.60 (15.57 to 21.63) 8.11 17.67 (14.26 to 21.07) 9.12
PANSS-N post 17.50 (14.65 to 20.35) 7.63 13.87 (11.39 to 16.34) 6.63
PANSS-N change —1.10 (-2.47 t0 0.27) 3.67 —3.80 (-5.85 to —1.75) 5.49 5.169 0.027 0.083

complex domains of ToM is possible and also that our training
strategies are in the correct path.

Unfortunately, the ANCOVA results in AS only show changes
in the Aggressive bias of ambiguous scenes with a reduced effect
size. However, this is no surprising because the metacognitive
instructions delivered with our ToM short film are not focused on
AS and should perhaps deserve a specific module. Nevertheless,
the absence of positive results in this domain is consistent with
other studies (28, 70).

Furthermore, there were no differences in terms of emotional
intelligence assessed with MSCEIT after the intervention, as we
can see in Table 2, the pretests in both groups were in the normal
range [on the MSCEIT’s IQ-like scale with a mean of 100 and a SD
of 15, a respondent would have to get a score higher than 116 or
lower than 84 to be statistically significantly (P < 0.05) above or
below average]; therefore, the instrument seemed unable to detect
impairments in ER or ToM nor changes after treatment, a find-
ing also consistent with previous studies (33, 47, 70). For a more
detailed review on the concerns over the MSCEIT’s validity, see
Maul (2012) (71).

Finally, there was a reduction in PANSS-negative change score
(Table 2) in the intervention group, suggesting an eventual effect
of the intervention in reducing negative symptoms (3).

In conclusion, e-Motional Training® is one of the first online
programs that has shown its usefulness in the training of the most
studied SC domains. Compared with other available programs

(28, 72), this program allows online self-training and follow-up
by therapists, thus filling the lack of similar intervention instru-
ments in our community.

Our study has a number of limitations, including the fact
that most participants in the sample underwent drug treat-
ment; therefore, we do not know whether the relationships
found in this study can be replicated in other populations,
including individuals who refuse to undergo treatment. Most
of the participants in our sample had a diagnosis of chronic
stable schizophrenia; therefore, we ignore the performance and
feasibility of ET in first episodes or in individuals at high risk
for psychosis. Moreover, the majority of the study participants
were men, and therefore, the generalizability of the results must
be regarded with caution. However, it is a well-known fact
that schizophrenia is more severe in men than in women, and
therefore, day hospitals and day centers are more frequented by
men than women (73).

Regarding participation remarkably, attendance in our sample
was perfect. Although this fact could be surprising, it is worth
noting that research studies in schizophrenia in our commu-
nity are scarce, and therefore, it is easier to raise the interest of
patients as well as therapists and evaluators, especially if the active
treatment is a computerized online program with an attractive
interface, cognitively not demanding and allowing self-training,
factors that should be taken into account to explain the adherence
of patients during the study.
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Regarding our results on social functioning, measured with the
SFS-SR, the lack of significance of our findings should be consid-
ered in the light of the following facts: given that chronic patients
have insight and metacognitive deficits, using a self-evaluated scale
to measure social functioning was not the best idea. Moreover,
it seems to us that social functioning has to be the goal but
probably a standard too high for computerized interventions.
This is a common place in other clinical domains, for instance
in Alzheimer’, where generalizability of computerized inter-
ventions to daily living is currently absent (74). Our aim is to
create an online tool for helping patients to practice ER and
ToM interactions but by no means to substitute group therapy
or social skills training. In our opinion, computerized tools
give the patients the opportunity to drill and practice skills
hardly rehearsable outside the virtual realm, but at least in
chronic cases, these skills should be trained in vivo in protected
environments before aspiring to show generalization in the
real world.

Finally, the study was conducted vs. TAU and not vs. another
active condition. This is obviously not the best design, but our
inspiration was based in recent studies in SC rehabilitation both
in group therapy and with computerized tools (32, 35, 75-79).
However, it must be taken into account that there is a scarcity of
data regarding efficacy of computerized programs for SC and that
comparing at this point a computerized tool with group strategies
seems at least to us unfair.

In terms of the program’s future, version 2.0 is now available,
including version 1.0 games and ER tasks devised to improve
processing speed, mimicry abilities, and prosodic recogni-
tion. Regarding ToM, a short film with real actors and a 2.5 h
gameplay graphic adventure with puzzles on ToM and moral
dilemmas have been included, and their aim is to offer a gradual
and longer training maintaining the attention of patients and
their will to improve. The environment has been created with
game mechanics, and it has metacognitive hyperlinks designed
for self-training.
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Schizophrenia is a very complex syndrome that involves widespread brain
multi-dysconnectivity. Neural circuits within specific brain regions and their links to
corresponding regions are abnormal in the iliness. Theoretical models of dysconnectivity
and the investigation of connectomics and brain network organization have been
examined in schizophrenia since the early nineteenth century. In more recent years,
advancements have been achieved with the development of neuroimaging tools that
have provided further clues to the structural and functional organization of the brain
and global neural networks in the illness. Neural circuitry that extends across prefrontal,
temporal and parietal areas of the cortex as well as limbic and other subcortical brain
regions is disrupted in schizophrenia. As a result, many patients have a poor response
to antipsychotic treatment and treatment failure is common. Treatment resistance that
is specific to positive, negative, and cognitive domains of the illness may be related to
distinct circuit phenotypes unique to treatment-refractory disease. Currently, there are
no customized neural circuit-specific and targeted therapies that address this neural
dysconnectivity. Investigation of targeted therapeutics that addresses particular areas
of substantial regional dysconnectivity is an intriguing approach to precision medicine
in schizophrenia. This review examines current findings of system and circuit-level brain
dysconnectivity in treatment-resistant schizophrenia based on neuroimaging studies.
Within a connectome context, on-off circuit connectivity synonymous with excitatory
and inhibitory neuronal pathways is discussed. Mechanistic cellular, neurochemical
and molecular studies are included with specific emphasis given to cell pathology and
synaptic communication in glutamatergic and GABAergic systems. In this review we
attempt to deconstruct how augmenting treatments may be applied within a circuit
context to improve circuit integration and treatment response. Clinical studies that
have used a variety of glutamate receptor and GABA interneuron modulators, nitric
oxide-based therapies and a variety of other strategies as augmenting treatments with
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antipsychotic drugs are included. This review supports the idea that the methodical
mapping of system-level networks to both on (excitatory) and off (inhibitory) cellular
circuits specific to treatment-resistant disease may be a logical and productive approach
in directing future research toward the advancement of targeted pharmacotherapeutics

in schizophrenia.

Keywords: schizophrenia, treatment-resistant, connectomics, dysconnectivity, gamma band oscillations, NMDA

receptors, GABA interneurons

INTRODUCTION

Treatment-resistant schizophrenia (TRS) remains one of the
greatest therapeutic challenges in psychiatry. Schizophrenia
is a complex neurodevelopmental syndrome; with disease
processes occurring in utero that may disrupt the formation
of critical neural circuits and result in widespread brain
dysconnectivity. Hints of altered neural circuitry, for example
delays in gross and fine motor skill development, often
evolve during childhood and may precede the first subtle
signs of psychosis during late adolescence in those who will
develop the illness (1-4). Adolescents with disrupted neural
circuit development and circuit dysconnectivity related to
the progression of the disease often begin to exhibit sub-
threshold psychotic symptoms during developmental periods
associated with increasing gray matter (GM) volume and
refinement of cortical circuits including synaptic pruning,
reinforcement, and neuronal synchronization (5-8). The gradual
alterations in brain connectivity and subsequent symptoms
can persist for years before psychosis emerges and diagnosis
and antipsychotic medications are initiated. In most cases,
individuals with schizophrenia progress with an illness that
is characterized by periods of exacerbation and remission
of psychosis. Recovery is dependent on compliance with
and response to optimized antipsychotic medication, the
development of a strong therapeutic alliance to treatment
team members, and intensive social and vocational support
(9). Even with the best antipsychotic treatments that are
available today and access to full functional supports, a sub-
population of patients with schizophrenia will never attain
an optimal response to treatment and remain very ill. These
are the patients who have treatment-refractory illness or in
the case of non-response to clozapine, ultra-resistant disease
(10, 11).

Identifying treatments that will benefit patients with
TRS remains a significant challenge. Our understanding of
personalized treatment response and resistance to medication
is limited by an inability to accurately pinpoint the individual
genetic, cellular and neural circuit drivers of psychoses.
Investigations of neuronal ensembles and cortical networks
at the micro-scale level are not possible using the clinical
diagnostic and macro-scale imaging tools that are currently
available. Moreover, inconsistent clinical definitions of positive,
negative or cognitive symptom-specific differences in TRS lead
to ambiguous treatment guideline recommendations and a
wide variation in clinical approaches to treat TRS in practice.

Different phenotypes of psychoses may respond to different
targeted treatments that are cellular or neural circuit-specific, but
at present we do not have the ability to identify the appropriate
targeted therapies for different TRS phenotypes.

The Treatment Response and Resistance in Psychosis
(TRRIP) working group recently addressed these challenges
(12). Members are researchers and clinicians who have expertise
in TRS and attended specific TRRIP working group meetings
at international schizophrenia and neuropsychopharmacology
research conferences to establish criteria to standardize the
definition of treatment resistance in schizophrenia. In addition
to capturing a core definition of treatment resistance that can
be included and shared across all clinical treatment guidelines
worldwide, recommendations were also made on the importance
of identification of all clinical sub-specifiers or symptom
phenotypes common to TRS (12). The standardization of clinical
criteria of TRS has been an important advancement and will
benefit future TRS research and clinical translation.

Treatment resistance has been most characterized in
schizophrenia by how responsive the positive symptom domain
is to antipsychotic medications. It is estimated that 70-80% of
patients with schizophrenia have a phenotype of psychosis that
is responsive to dopamine-blocking treatment (13). However, in
over 100 years of treatment history and despite the improvements
made to the functional selectivity and potency of antipsychotic
medications, 60% of patients continue to fail to achieve symptom
improvement after several weeks on drug therapy (14).

Many treatment-refractory patients present with a psychosis
that is positive symptom domain responsive, but have
symptoms that are non-responsive within the negative or
cognitive symptom subdomains and associated circuits. It
is now recommended that patients with symptom profiles
that do not respond to antipsychotic medication and are
considered treatment resistant be identified as: TRS-positive
symptom domain-, TRS-negative symptom domain-, and
TRS-cognitive symptom domain-specific. For those patients
with combined treatment resistance in more than one domain
(multidimensional resistance), identifying all of those specific
symptom domains will provide further clarification (12).

Traditionally, for those patients who are unable to obtain
adequate positive symptom control or sustain a response with at
least 2 dopamine receptor-2 (D;)-blocking agents at therapeutic
doses for at least 6 weeks, clozapine is the recommended drug
of choice. An estimated 30-60% of these patients will respond
to clozapine and have what can be described as a clozapine-
responsive psychosis (10, 15, 16). Patients who do not have
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an optimal response to clozapine and continue to experience
prominent positive symptoms have clozapine-resistant psychosis
or an ultra-resistant psychotic disease (11). Currently, there
are no therapies that address this most severe form of neural-
dysconnectivity in schizophrenia.

In this review, we examine TRS from a circuit-based
perspective. We start by highlighting the historical development
of connectome science in schizophrenia, identifying those early
pioneers in psychiatry who originally recognized the disease
as an illness of widespread disconnectivity and their valuable
contribution to the evolution of network science today. We
then examine neuroimaging studies that support both systemic
and circuit-level brain dysconnectivity specific to treatment
resistance and attempt to explain underlying circuit biology
and brain topology that may be unique to this most severe
form of the illness. Within a connectome context, attempts
to map on-off circuit connectivity synonymous with excitatory
and inhibitory neuronal pathways are discussed. Functional
correlates of dysconnectivity in schizophrenia are also considered
with a focus on cortical network oscillations, giving particular
emphasis to the role of gamma band oscillations (GBOs) and
their ability to integrate information across large populations
of neurons in the illness. Mechanistic models describing
underlying neural circuitry and the complex relationship
involved in the synchronized firing between excitatory pyramidal
cells and inhibitory gamma-aminobutyric acid (GABA)-ergic
interneurons are also reviewed to help visualize and understand
the inter-relationship between neuronal ensembles within the
brain and the complex mechanisms behind their dysfunctional
communication in schizophrenia. Finally, we deconstruct how
augmenting pharmacological treatments, such as glutamate N-
methyl-D-aspartate (NMDA) receptor and GABA interneuron
modulators as well as nitric oxide (NO)-based treatments may
be applied within a circuit context to improve circuit integration
and treatment response in TRS. Updates on neurosurgical and
neuromodulation targets under investigation in TRS are also
included and provide an overview of beneficial circuit-based
targets that may improve treatment resistant symptoms in those
patients that remain refractory to pharmacological approaches.

This review supports the idea that the mapping of cellular and
system-level networks to both on (excitatory) and off (inhibitory)
circuit phenotypes specific to treatment-resistant disease may
be a productive strategy in expanding future research toward
customized neural circuit-specific pharmacotherapeutics and
directed neuromodulation treatments in schizophrenia. Targeted
therapeutics that can improve particular areas of regional
functional dysconnectivity that are found to be substantially
affected in TRS is an intriguing approach to precision medicine
in schizophrenia.

HISTORY OF CONNECTOMICS IN
SCHIZOPHRENIA-THE EARLY
CONNECTIONISTS

Theoretical models of disconnectivity and the investigation
of connectomics and brain network organization have been

examined in schizophrenia since the early nineteenth century.
Historically, there have been a number of influential figures
who have made major contributions to the development of
modern day network-based science known as connectomics.
One of the very first connectionist pioneers in psychiatry was
Wilhelm Griesinger (1817-1868), a German neurologist and
psychiatrist who initially proposed that mental illnesses are
brain disorders with pathological and neuroanatomical origins
similar to neurological disorders (17). From his teachings, his
student Theodor Hermann Meynert (1833-1892), a German-
Austrian neuropathologist, anatomist and psychiatrist, made
further contributions to this biological model of mental illness
(18). His work was based primarily on neuroanatomical
and histological studies where he worked to characterize
various afferent and efferent white matter (WM) fiber tracts
of the cerebral cortex. Meynert believed that association
fibers connecting regional areas of the brain are the most
disrupted in psychiatric diseases, which has been consistently
demonstrated by several structural and functional magnetic
resonance imaging (MRI) studies of schizophrenia in recent
times (18-21).

Meynert’s student Carl Wernicke (1848-1905) further
developed the disconnectivity theory of schizophrenia. Although
he was best known for his theories regarding the neural circuits
involved in higher cognitive functions and the neuropathology
of aphasia, he also studied the neuroanatomical and functional
aspects of schizophrenia. In his textbook Grundriss der
Psychiatrie (Outlines of Psychiatry 1900) which was written
based on detailed reviews of his clinical cases, he outlined
his hypothesis that there is a deficiency in association fiber
connectivity in schizophrenia that contributes to an over-
activation of cortical sensory regions that can then lead to the
development of psychosis (22).

One of the most well-known clinicians in the history of
psychiatry and recognized as the founder of modern psychiatry
was Emil Kraepelin (1856-1926), a German psychiatrist
who conceptualized schizophrenia as a disorder with both
neurodevelopmental and biological origins. Kraepelin was the
first to develop a classification system of psychiatric disorders
and divided endogenous psychoses into two distinct forms based
on disease course and outcome. He described the psychosis
involved in schizophrenia as a dementia praecox, a term that
combined the cognitive symptoms (dementia) of the illness
with an early development of the disorder (praecox) vs. the
episodic nature of manic depressive (affective) psychosis
(23).

It was the Swiss psychiatrist Eugen Bleuler (1857-1939)
who then coined the term schizophrenia (from the Greek
verb schizein meaning split and phren meaning soul, spirit
or mind) to highlight the fragmented thinking or thought
disorder that is common to the functional disconnectivity of the
illness. Bleuler replaced the term dementia praecox to clearly
distinguish schizophrenia from a degenerative illness with a poor
outcome. He recognized that progressive cognitive deterioration
(characteristic of dementia) was not common in schizophrenia
and the onset of symptoms does not always occur early in life
(24). For a detailed overview see Collin et al. (19).
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MODERN-DAY CONNECTIONISTS

With the advancement of neuroimaging techniques, such
as positron emission tomography (PET) and MRI that are
able to detail both anatomical and functional connectivity,
the disconnection hypothesis of schizophrenia has been
refined further. The modern-day disconnectivity hypothesis
of schizophrenia initially emphasized the link between the
signs and symptoms of schizophrenia and the dysfunctional
integration between different cortical areas of the brain, directly
related to the underlying abnormalities in neurons and synaptic
functioning (25). Abnormal modulation of NMDA receptor
function and impaired control of synaptic plasticity is thought
to be the underlying key to dysfunction and directly contributes
to an extended pattern of “dysconnection” of the structural and
functional integration of the brain (26-30). Today, network
scientists integrate the mathematical analysis of graph theory
as a framework for studying and tracing these macro-scale
brain networks through non-invasive neuroimaging and MRI
methods (31-33). Through these methods they are able to create
a “connectome,” the neuronal map of the brain’s anatomical and
functional connectivity architecture, and elucidate the complex
organization of the neuronal elements that underlies brain
function (31-34).

THE SCIENCE OF CONNECTOMICS

The scientific study of connectomics involves mapping out
the detailed connectivity of brain regions to characterize the
architectural networks of the human brain. Connectomics
is therefore a powerful tool to visualize the structural and
functional dysconnections associated with schizophrenia. The
human connectome provides a detailed map of brain-wide
circuit connectivity and allows inference into how brain function
may be affected by disruption of the structural organizational
network (31, 34). At the micro-scale, the physical wiring
of single neurons and their synaptic connections to other
neurons through dendritic and axonal connections comprise
local network circuits. At the meso-scale (local populations
of 80-100 neurons that span all cortical layers), connectivity
is at the level of functionally specialized subnetworks within
single cortical columns that are selectively connected within and
between neighboring cortical columns and constitute a major
functional element for cortical information processing. At the
macro-scale, inter-regional connectivity of cerebral lobes via WM
interhemispheric tracts is responsible for the integration and
relay of information between various parts of the brain (34).
Connectomics heavily utilizes graph theory, a specialized
discipline of mathematics concerned with the study of graphs or
models that represent relations between objects. Large collections
of algorithms are used to calculate topological characteristics of
both structural and functional brain imaging connectivity data
that can be represented in the form of a graph. The graph consists
of nodes that represent single neurons or brain regions that are
defined by connection endpoints of two line segments that are
then linked by edges that illustrate their direct connection to
each other via axonal projections, WM pathways or functional

coupling between inter-regional brain areas (31). The closeness of
neuronal and brain region nodes represents a higher probability
of being connected, as long axonal projections are functionally
expensive in terms of wiring costs. The tendency of nodes
to cluster and form shorter communication paths allows for
more efficient integration between spatially disconnected node
pairs. The degree or number of edges each node possesses and
how close they are to each other (centrality) represents the
interconnectivity of a node to other nodes within the entire brain
network. Nodes that have a high degree of edges and possess
high centrality are known as hubs (35-37). In turn, brain hubs
that are “rich” in connectivity and more densely interconnected
to each other in comparison to what their high degree alone
would predict form a central “rich club organization” essential for
the integration of global information and brain communication
(37) as illustrated in Figure 1. Disruption to central “rich
club” hubs of the human connectome has been associated with
several brain disorders (38). Notably, hub lesions that are highly
concentrated within cortical hubs of the frontal and temporal
lobes are found to be specifically affected in schizophrenia
(38).

THE CONNECTOMICS OF
SCHIZOPHRENIA

Neuroimaging studies show impaired structural and functional
connectivity in individuals diagnosed with schizophrenia (39—
41). The dysconnection between different brain regions of
GM and the WM circuits that connect them are consistent
with reduced functional connectivity revealed in both resting
state and task-based functional (fMRI) studies (32, 41). Recent
advances in the use of MRI and in particular diffusion-
weighted imaging (DTI) have brought insight into the extent
of structural WM dysconnectivity and alterations in the macro-
scale neuronal wiring in schizophrenia. Most studies have
investigated fractional anisotropy (FA), a neuroimaging marker
that indexes the constraint of the direction of water diffusion in
WM and can be a measure of an abnormality in the integrity
of myelin microstructure or axonal integrity or differences
in the orientation of how axonal fibers are organized. White
matter in the frontal and temporal lobes have been the most
frequently reported with reduced FA integrity in DTT studies of
those with schizophrenia (39-41). Meta-analyses of voxel-based
DTI studies in schizophrenia have found significant decreases
in two main brain regions, the left frontal deep WM and
left temporal deep WM (42), with overlapping GM and WM
structural abnormalities (43). A more recent meta-analysis that
included 29 independent international studies found global WM
microstructural disruptions throughout the entire brain (44).
Consistent with these findings, an additional imaging study
found significant decreases in WM FA to not only involve the
fronto-temporal regions, but also to be widespread throughout
each lobe of the brain, including the cerebellum. Major fiber
bundles that connect the cortical lobes including the corpus
callosum, cingulum and thalamic radiations exhibited the most
severe pathology. More than 50% of the cortico-cortical and
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FIGURE 1 | Topological graph features of the connectome. (A) The graph consists of “nodes” that represent single neurons or brain regions and are linked by “edges”
illustrating their connection to each other via axonal projections. (B) The “degree” or number of edges and how close they are to each other “centrality” represents the
interconnectivity of nodes. (C) Nodes having a high degree of edges and high centrality are knowns as “hubs.” Brain hubs “rich” in connectivity to each other and
found centrally form the “rich club organization.” The rich club hubs found in cortical and frontal lobe regions of the brain are affected in schizophrenia.

cortico-subcortical WM fibers that provide the connections  unique to this most severe form of the illness. Anatomical regions
between those hub regions that contribute to the “rich club”inthe ~ and neural circuits that have been examined comparing those
brain were affected (45) and network hubs located in association  individuals with treatment resistant vs. treatment responsive
cortex particularly affected (20, 21). These significant structural ~ disease have uncovered more severe pathological findings in all
disturbances may be responsible for the widespread disruption  cortical tissues that have been measured. A number of imaging
of cortical information processing and integration of information  studies using a variety of structural and fMRI methods have
across multiple regions of the brain in schizophrenia. examined TRS to elucidate the difference between the phenotypic
Functional MRI studies have also suggested abnormalities in  subtypes of responsive and non-responsive illness. For detailed
the connectivity of brain networks in schizophrenia and relate  reviews see Mouchlianitis et al. (51) and Nakajima et al. (52).
to the structural disturbances that interconnect them. While The loss of neuronal elements that underlie the symptoms of
reduced functional connectivity is a replicated finding among  both TRS and ultra-resistant schizophrenia (clozapine-resistant
many studies (32, 41, 46, 47), there have also been reports  psychosis) may be more substantial than what is found in
of increase in functional connectivity in the illness (48, 49).  those patient phenotypes who have responded to antipsychotic
The discrepancy may simply be related to non-uniform changes  treatment (51, 52). Volumetric, DTT and fMRI studies that
in brain connectivity, such as hyper-synchrony of neuronal  have examined intra-regional brain morphology (53-56) inter-
ensembles vs. dysregulated networks, fMRI preprocessing errors,  regional WM circuit integrity (43, 57-59), and functional
or abnormalities in neuronal wiring and oscillatory firing and  connectivity (60-63) specific to TRS have consistently identified
compensatory hyper-connectivity of important hubs within the  a disruption to frontal and temporal lobe regions and the major
association cortex as a consequence of the illness (50). fiber bundles that connect them.
Studies that have specifically compared patients with
treatment responsive schizophrenia vs. TRS have reported
THE CONNECTOMICS OF TREATMENT greater global volumetric reductions of GM in treatment
RESISTANCE resistant and ultra-resistant patients. There have been consistent
reports of reduced GM volumes predominantly within the
Widespread dysfunction throughout the entire neural network  dorsolateral prefrontal cortex (DLPFC) (53-56), as well as
that involves both cortical and subcortical regions is pronounced ~ posterior cortical regions, such as the temporal cortex (53-56),
in TRS and may have an underlying circuit biology that is parietal cortex (53, 56) and also within the occipital cortex
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(53, 55, 56) in TRS. Abnormalities in all regions of the corpus
callosum as well as commissural and association long axonal
fiber pathways connecting prefrontal, temporal, parietal and
occipital regions have also been found, with reduced axonal
integrity and more severe structural damage in both chronic
illness and treatment-resistant populations (43, 57-59, 64). This
evidence seems to suggest that on the spectrum of cellular and
circuit disruption characteristic of schizophrenia in general, TRS
may involve a more severe type of multi-dysconnectivity of brain
networks that spans across almost every region of the brain.

The reduction in cortical GM and WM volumes and
distinct WM tract disturbances in TRS may be a consequence
of disrupted macro-scale neural architecture and network
dysconnectivity that originate within distinct micro-scale
neuronal ensembles. Morphometric studies that have been
investigated in schizophrenia suggest that cortical volume
loss is not related to the reduction of the number of neurons
in the cortex, but to architectural neuronal disorganization,
reduction in neuronal size, and diminished neuropil (axons,
dendrites, and synaptic terminals) (65, 66). The etiology
behind the loss of dendritic spines and dendritic length
of cortical pyramidal neurons is not entirely clear but
may originate from hypofunctioning NMDA glutamate
receptors on pyramidal cells and interneurons (67-
69). From a circuit perspective, hypofunction of NMDA
receptors on GABAergic inhibitory interneurons disinhibits
associated pyramidal neurons in the circuit and causes
a potentially pathological glutamatergic excitatory effect
(70, 71).

Hyperglutamatergia may be a distinct feature of TRS and be
differentiated from treatment-responsive disease since greater
abnormalities in glutamate function have been found in those
patients with TRS while maintaining a relatively normal
and intact dopamine function. Neuroimaging measures using
fluorine-18-L-dihydroxyphenylalanine (!F-DOPA) as a PET
radiotracer found a higher level of striatal dopamine synthesis
capacity in patients with schizophrenia who responded to
treatment vs. those patients with TRS who had equivalent striatal
dopamine levels found in healthy controls (72). The same group
later utilized proton magnetic resonance spectroscopy (!H-MRS)
imaging in TRS to examine glutamate changes that may be
specific to antipsychotic treatment-resistance (73). This was the
first group to report high glutamate and glutamine levels in the
anterior cingulate cortex (ACC) in TRS as compared to those
with schizophrenia in remission, and another group has since
replicated this finding (74).

Increased concentrations of glutamate found in the
ACC that are specific to TRS are consistent with both the
glutamate hyperfunction and the NMDA receptor hypofunction
hypotheses of schizophrenia. Normally, glutamate is responsible
for regulating inhibitory tone in the brain by binding to
NMDA receptors on GABAergic interneurons. The structural
mechanism that may cause NMDA receptor hypofunction
in TRS can lead to disinhibition of pyramidal neurons and
excitatory pathways by the understimulation of inhibitory
GABA interneurons (75). The downstream effect can then cause
an increase in glutamate release from presynaptic pyramidal

neurons and binding to a-amino-3-hydroxy-5-methylisoxazole-
4-propionic acid (AMPA) and kainate receptors and may be
a compensatory effect of the NMDA blockade (75-78). The
hyperglutamatergic state can initiate calcium influx and cellular
toxicity which, over time, can be detrimental to neuronal
networks (79). In treatment-resistant disease, excitatory inputs
from pyramidal neurons within the ACC circuit could also be
disinhibited, leading to increased glutamate efflux and generating
symptoms that fail to respond to D,-blocking medications.
Glutamate-mediated excitotoxicity may be responsible for the
widespread brain abnormalities and severity of symptoms that
are found in TRS.

Disturbances in the functional activity of neural circuits have
consistently been reported in TRS. Functional MRI studies that
have examined changes in neurophysiological measures also may
indicate disordered firing and pathological oscillatory activity
that may be more pronounced in TRS (63). Persistent auditory
hallucinations are a core feature of psychosis. Poor control of
this symptom within the positive symptom domain that persists
despite adequate trials of antipsychotic medications is often
the clearest and most common indicator of severe treatment
resistance. Patients with specific TRS-positive symptom domain
phenotypes and experiencing auditory verbal hallucinations
(AVH) have been investigated in fMRI studies (60-63).

Functional MRI using magnetically labeled blood water
protons as an endogenous tracer (arterial spin labeling) to
measure tissue perfusion found increased cerebral blood flow
in the left superior temporal gyrus, right supramarginal gyrus,
and temporal polar cortex in patients with treatment-resistant
AVH (63). Functional resting-state MRI studies that investigated
connectivity alterations in the default network in patients with
chronic non-responsive AVH and treated patients without AVH
found that treatment-resistant patients had increased functional
connectivity between the dorsomedial prefrontal cortex and
other frontotemporal regions, but reduced connectivity between
the ventromedial prefrontal cortex and areas of the cingulate
cortex (60). Reduced functional connectivity between the left
temporo-parietal junction (TPJ) and right Broca’s area and ACC
and temporo-cingulate pathways have also been implicated in
patients with persistent AVH (61, 62). All functional alterations
found were greater in those patients with persistent treatment-
resistant symptoms, indicating there may be fundamental
differences within these brain network properties that are also
specific to TRS.

Network-based statistics can be applied to fMRI data to
investigate brain networks and to better delineate the differences
in the connectome unique to TRS. Although there have been a
number of network-based studies in schizophrenia (31, 32, 45-
47), Ganella et al. were the first to measure the connectivity and
global and local efficiency of whole-brain functional networks
from resting state fMRI data in individuals with TRS compared
to healthy controls (80). Whole-brain connectivity analysis in
this study showed reductions in functional connectivity between
all of the brain lobes, with the majority of reduced connections
between fronto-temporal, fronto-occipital, temporo-occipital
and temporo-temporal subregions. The majority of reduced
functional connections in TRS were found in the temporal lobe
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(between Heschl’s gyrus and the frontal lobe), the occipital
lobe (between the cuneus and the frontal lobe), and the frontal
lobe (between the paracentral lobule and the occipital lobe).
Treatment-resistant individuals showed reduced functional
connectivity in the temporal lobes as regions most implicated.
Decreased connectivity between frontal and temporal brain hubs
regions is a particularly vulnerable circuit consistently reported
in several studies in schizophrenia and is also characteristic of the
circuit pathophysiology of TRS (80).

In terms of network-based analysis, global network efficiency
was significantly reduced in the TRS group compared to controls
with significant increases in local efficiency. Reduced global
network efficiency indicates that the reduction of functional
connectivity and integration between different brain hubs in TRS
as a result of the disease process may create surrogate or back-up
connections locally (increase in local efficiency) as a homeostatic
mechanism and an attempt to compensate for the reduction in
longer-range connectivity and restore integration (46, 80).

THE SYNCHRONIZATION OF CORTICAL
CIRCUITS

One possible functional correlate of the aberrant connectivity
observed in TRS is disturbances in cortical network oscillations.
Oscillations in network activity include the theta (~4-8 Hz),
alpha (~8-13Hz), and gamma (~30-80Hz) bands. These
oscillations are measurable by electroencephalography (EEG)
and magnetoencephalography (MEG) and are thought to be
reflective of cortical information processing and integration
(79, 81) Importantly, they reflect the synchronous activity of
large populations of neurons that integrate information across
multiple brain regions. With regard to schizophrenia, specific
interest has been paid to the gamma band oscillation (GBO)
(82-85). The GBO plays an important role in a variety of
cognitive tasks including sensory processing, working memory,
attention, and cognitive control-all of which are disturbed in
the illness (86-91). More generally, it is thought to be critical
to the process of feature binding, in which sensory information
of a variety of modalities is integrated coherently into a unified
representation (92). Fittingly, it has been suggested that the
underlying dysfunction in schizophrenia is the inability to
integrate the activity of distributed neuronal networks. These
disturbances in the GBO could underlie the dysfunctional
communication observed between disparate brain regions in the
illness.

The GBO has been shown to be disrupted in schizophrenia
patients during the performance of a wide variety of tasks,
including simpler perceptual tasks and more complex and
cognitively demanding tasks (93-96). In patients diagnosed with
schizophrenia, EEG studies have shown that the GBO is impaired
in working memory tasks at frontal and posterior sites, as well
as in the frontal cortex during cognitive control tasks (97-100).
Performance of these tasks is typically associated with increase
in GBO activity in healthy subjects. However, in subjects with
schizophrenia this demand-related modulation of the GBO is
absent or diminished. The deficit in task-related modulation

FIGURE 2 | Parvalbumin interneurons contribute to the inhibitory dysfunction
in schizophrenia. Parvalbumin interneurons are fast-spiking inhibitory
interneurons characterized by the calcium binding protein parvalbumin. These
interneurons are innervated by excitatory glutamatergic cells and in turn their
projections target the cell soma of excitatory pyramidal cells. This
excitatory-inhibitory interplay is thought to give rise to the GBO, which is
reflective of parvalbumin interneurons role in synchronizing large populations of
excitatory cells. The GBO is disturbed in schizophrenia, and dysfunction within
parvalbumin interneurons is thought to be central to these abnormalities.

of the GBO is also present in first-episode patients, suggesting
that this is driven by the underlying disease process rather than
illness chronicity or long-term use of antipsychotic medications
(99). Several of these studies have also shown that deficits in
cognitive control in patients with schizophrenia are correlated
with their deficits in GBO activity (91, 98). Convergent evidence
from fMRI studies has also shown a lack of task-demand related
modulation of activity in the PFC in schizophrenia patients
(101). These findings suggest that for cognitive tasks, particularly
those that may depend on integration of information, the GBO
is a reflection of disturbed functional connectivity between
communicating brain regions.

Multiple models have been generated to describe the
underlying neural circuitry that gives rise to the GBO. Two
prominent ones include the Interneuron Network Gamma (ING)
model and the Pyramidal Interneuron Network Gamma (PING)
model (102). In the ING, pyramidal cells are synchronized by
the activity of interneurons, but pyramidal cells themselves are
not directly involved in the generation of the GBO. In PING,
oscillations are generated via the recurrent synaptic connectivity
between the excitatory activity of pyramidal cells and feedback
inhibition of interneurons. While this process is still not fully
understood, experimental observations favor the PING model of
GBO generation. In this case, synaptic inhibition via GABAergic
interneurons defines the timing and firing rate of pyramidal
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neurons, creating precise windows within which large groups
of excitatory cells can fire synchronously (103-105). In turn,
excitatory cells also provide input onto GABAergic interneurons,
creating a loop for entrainment of cortical networks across brain
regions. Support for the PING model comes from findings that
interneuron activity follows pyramidal cell activity by a short
delay, consistent with pyramidal cell excitatory drive as the
main stimulus for interneuron excitation in the model (106,
107). Within excitatory cells, al-containing GABA, receptors
post-synaptic to a subset of inhibitory interneuron processes
produce currents with decay periods fitting for the production
of gamma oscillations (84). Lastly, it has been shown that with
genetic knockout of AMPA glutamate receptors within specific
populations of inhibitory interneurons, synaptic excitation of
these inhibitory interneurons is diminished and the power of the
gamma oscillation severely reduced (108). These findings support
the theory that the GBO arises from a complicated interplay
between excitatory pyramidal cells and inhibitory interneurons.
Consistent with the PING model, there is ample evidence
to suggest that both excitatory glutamatergic and inhibitory
GABAergic activity are disturbed in schizophrenia (84, 85).
Deficits in excitatory glutamatergic signaling have been identified
as a possible core feature behind the pathophysiology of
schizophrenia that gave rise to the NMDA receptor hypofunction
hypothesis (71). This hypothesis arose from the observation that
NMDA receptor antagonists (e.g., ketamine, PCP) can reproduce
some of the symptoms of schizophrenia. Subsequent studies
have identified widespread dysfunction of NMDA receptors in
schizophrenia. Interestingly, given that the GBO is thought to
be generated by the activity of inhibitory interneurons, much
of the observed dysfunction in NMDA receptors has been
specific to inhibitory interneurons themselves. For example,
post-mortem analysis of the PFC of schizophrenia patients
has shown a 50% reduction in the expression of the NR2A
subunit within inhibitory interneurons that express parvalbumin,
a calcium binding protein (109). Moreover, chronic NMDA
receptor antagonist administration in rodent models reduces the
expression of the parvalbumin protein and GAD67 (the primary
GABA-synthesizing enzyme glutamic acid decarboxylase) in
parvalbumin-positive(+) inhibitory interneurons (110, 111).
Acute administration of NMDA receptor antagonists has also
been shown to decrease the activity of interneurons with a
corresponding increase in the activity of pyramidal cells (70).
Thus, NMDA receptor antagonism may reduce the function
of inhibitory interneurons which subsequently disinhibits the
activity of pyramidal cells. Within the context of schizophrenia,
NMDA receptor hypofunction may result in the diminished
excitation of inhibitory interneurons within cortical networks.
Inhibitory interneurons are particularly sensitive to NMDA
receptor antagonists (70, 112, 113). In combination with
findings of altered expression of NMDA receptors within these
interneurons, it is well-supported that inhibitory interneurons,
particularly those expressing the calcium-binding protein
parvalbumin, are a locus for dysfunction in schizophrenia
(shown in Figure 2) (84, 114, 115). A number of studies have
shown that parvalbumin+ cells are critical to the generation
and maintenance of the GBO (106, 113, 116, 117). These

interneurons have extremely fast-spiking properties and their
rapid synaptic activation is consistent with the frequency
required for entrainment of the GBO (118). Parvalbumin+ cells
also show the strongest coupling to the gamma oscillation cycle
relative to other interneuron types (e.g., calbindin, calrentin)
(119, 120). Parvalbumin+ interneurons are typically fast-spiking
and provide perisomatic inhibition onto excitatory pyramidal
cells. Parvalbumin+ interneurons can present morphologically
as either basket (project to the soma and proximal dendrites
of neurons) or chandelier cells (project to the initial axon
segment of neurons) as illustrated in Figure 3. While both
parvalbumin+ basket and chandelier cells are active during GBO,
parvalbumin+ basket cell activity is more strongly coupled with
the GBO (121). Studies have also shown that GBO power is
markedly reduced by opioid receptor activation, which dampens
the activity of synaptic inputs from parvalbumin basket cells
onto pyramidal neurons but does not affect chandelier neurons
(122). These findings emphasize the critical importance of
parvalbumin+ basket cells specifically to the generation of the
GBO and their dysfunction in schizophrenia. In support of
this, it has been shown that reductions in the firing rate of
parvalbumin+ interneurons via optogenetics can reduce the
power of GBO (114). Conversely, non-rhythmic stimulation
provided to parvalbumin+ interneurons can increase the power
of the GBO.

Parvalbumin+ cells have been extensively studied in
schizophrenia and evidence of their dysfunction extends
well beyond their contribution to the GBO (85, 115, 123).
Parvalbumin+ cells have a reduction in mRNA and protein
levels of parvalbumin itself despite unaltered neuronal density in
patients with schizophrenia observed post-mortem (124-126).
Parvalbumin+ cells also have reduced protein and mRNA
levels of GAD67 and up to 50% of parvalbumin+ cells are
wholly devoid of GAD67 (124). This loss of GAD67 represents
a significant decrease in the strength of inhibitory inputs on the
pyramidal cells they target (115). Moreover, this deficit has been
observed in parvalbumin+ cells across multiple cortical regions
including the DLPFC and ACC (127-129). Two hypotheses
have been generated to account for the convergent evidence
of dysfunction localized to parvalbumin+ basket cells (84).
One hypothesis emphasizes the inhibitory contribution to this
network interplay and the other excitatory activity. First, lower
GADG67 levels in parvalbumin+ basket cells could result in
a disinhibition of pyramidal cells. Alternatively, the loss of
GADG67 in parvalbumin+ basket cells could be a development
disruption due to lack of excitatory input onto these cells to
drive their activity. Consistent findings of dendritic spine loss
on pyramidal cells in areas like the DLPFC and dysfunction
within glutamatergic channels (e.g., NMDA, AMPA) could
contribute to this loss of excitatory input onto parvalbumin+
basket cells in schizophrenia (68). These findings support the
central importance of parvalbumin+ inhibitory interneurons
in schizophrenia pathophysiology but whether this is a primary
pathology or homeostatic mechanism in response to diminished
pyramidal cell input is still unclear.

Despite an improved understanding of the underlying
pathophysiology of schizophrenia, particularly with regard to
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FIGURE 3 | Schematic diagram of perisomatic inhibition of cortical pyramidal cells by parvalbumin+ basket cells and chandelier interneurons. Adapted from Lewis
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cellular mechanisms contributing to the GBO, a multitude of
questions remain. Of utmost importance to the current review is
the validity of these findings, many of which have been garnered
from animal models of schizophrenia, to TRS. Current cellular
and animal models have significant limitations in modeling the
illness and few, if any, attempts have been made to replicate
the treatment-resistant presentation of the disorder. Secondly,
further investigation is required to understand the complex
interplay between excitatory glutamatergic cells and inhibitory
interneurons in the dysfunctional circuitry of schizophrenia.
Specifically, a better understanding of the cellular properties
that give rise to the GBO are necessary to better understand
approaches for treatment. And lastly, novel treatments and
therapeutics need to be designed to target the pathophysiological
functioning of GBO circuitry. These approaches may include
pharmacological stimulation of the neural circuitry or might be
targeted through novel non-pharmacological approaches, such as
r'TMS which can directly stimulate the GBO.

SYMPTOM DOMAIN CIRCUITS

Patients who have a phenotype of psychosis that is responsive to
dopamine-blocking medication may have dysregulated striatal
hyperdopaminergia related to circuit abnormalities within
the fronto-striatal complex of the mesolimbic dopaminergic
pathway. Glutamatergic projections from the PFC to the
ventral tegmental area (VTA) normally regulate dopamine

cause an excessive release of glutamate within the VTA.
Hyperglutamatergia then leads to overstimulation (on
circuit phenotype) of dopaminergic neurons within the
mesolimbic dopamine pathway and excessive release of
dopamine within limbic structures, such as the nucleus
accumbens, amygdala and hippocampus (130, 131).
Hyperdopaminergia within the fronto-striatal circuit underlies
the beneficial positive symptom domain response that
treatment-responsive  patients achieve with D;-blocking
medications.

Negative and cognitive symptom domain circuitry involves
cortical brainstem glutamate projections that communicate
within the mesocortical dopamine circuit. Glutamatergic
projections from the cortex onto hypofunctioning NMDA
glutamate receptors located on cortical parvalbumin+
interneurons leads to the excessive release of glutamate in the
VTA. The excessive stimulation of pyramidal VTA neurons then
leads to the inhibition (off circuit phenotype) of mesocortical
dopamine neurons and insufficient dopamine release in the
PFC and subsequent negative and cognitive symptoms in
schizophrenia (130, 131).

In those patients who fail to respond to antipsychotic
medication, it has been demonstrated that although D, receptor
occupancy is identical to treatment-responsive patients, the
lack of efficacy from Dj-blocking medication may indicate
that hyperdopaminergia may not be related to the symptoms
associated with non-response to medications (132). Higher

release in the nucleus accumbens. Within this circuit levels of striatal dopamine synthesis capacity have been found
phenotype, hypofunctioning  NMDA glutamate receptors in patients with schizophrenia who responded to treatment
on cortical parvalbumin+ GABAergic interneurons will  vs. those patients with TRS who have much lower striatal
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dopamine levels comparable to healthy controls (72). Also,
fronto-striatal dysconnectivity is more pervasive and widely
distributed anatomically in TRS as compared to treatment-
responsive individuals which may also explain the limited efficacy
of dopamine-blocking medication targeting D, receptors within
the fronto-striatal circuit in TRS (133).

The neurobiology unique to treatment resistance may involve
more glutamatergic related abnormalities than disruptions
involving dopamine. Clozapine has a unique and complex
pharmacological profile (having a higher affinity to D4 receptors
than to D; receptors) and a higher binding affinity to many other
non-dopaminergic receptors. Clozapine is able to normalize
glutamate neurotransmission by increasing NMDA receptor
activity in the cortex by a number of different mechanisms. It has
been demonstrated that antagonism of D4 receptors can regulate
glutamatergic transmission by upregulating AMPA receptors and
providing homeostatic stabilization of the excitation of PFC
pyramidal neurons by indirect enhancement of NMDA activity
(134). Clozapine has also been shown to reduce the reuptake
of glutamate in the cortex by decreasing the expression of
glutamate transporters located on both glial and neuronal cells
in cortical and subcortical areas (135). Clozapine has the ability
to antagonize glycine transporter-1 (GlyT1) sites for reuptake
of glycine by glial cells (136), and can increase glial D-serine
release and enhance the release of glutamate via activation of
NMDA receptors (137) which may help to regulate some of the
downstream glutamate abnormalities that have been found in
TRS (73, 74).

It is difficult to map the underlying circuit pathology in ultra-
resistant schizophrenia due to the heterogeneity of the illness and
limited studies that have explicitly examined this population. Due
to multidimensional symptom domains resistant to clozapine,
ultra-resistant schizophrenia can be described as the most
severe phenotype of the illness that is mediated by multiple
mechanisms far beyond dysregulated striatal hyperdopaminergia
and glutamate NMDA receptor hypofunction.

CIRCUIT-BASED PHARMACOLOGICAL
TREATMENTS

Currently, there are no customized neural circuit-specific and
targeted therapies that can address the neural-dysconnectivity
in schizophrenia. Despite the lack of precision and ubiquitous
targets of pharmacological methods, the use of adjunctive
agents to antipsychotic medications may be conceptualized
within a circuit context to help improve neuronal network
integration and treatment response in TRS. In many cases,
augmentation strategies are needed to improve the residual
psychopathology symptom domains that have been non-
responsive to antipsychotic drugs (including clozapine). Usually
in those patients who have not responded to clozapine, a
variety of other antipsychotic medications, antidepressants,
anticonvulsants, benzodiazepines or a variety of glutamate
augmenting agents have been attempted. Clinical studies
have used a variety of agents that can enhance glutamate
NMDA receptors (on connectomic) function in an attempt

to improve downstream GABAergic (off connectomic)
inhibitory effects. GABA interneuron modulators have
also been recently investigated as an attempt to inhibit
pyramidal cell firing, as well as NO-based therapies to
improve intracellular NMDA receptor signaling and other
direct circuit-targeted neurosurgical and neuromodulation
strategies for their therapeutic benefit in treatment resistant
disease.

GLUTAMATERGIC AGENTS

Many drugs that target and co-activate glutamatergic pathways
have been of interest as a non-dopaminergic approach to
improve antipsychotic treatment in schizophrenia. Strategies to
improve glutamate NMDA receptor hypoactivity on GABAergic
interneurons have targeted extracellular binding sites on the
receptor. The glycine modulatory site has been investigated
as a target to improve NMDA receptor hypofunction in
schizophrenia and several agonists or partial agonists of this
binding site on the NMDA receptor have been studied in clinical
trials (138).

The amino acid glycine is a co-agonist of the NMDA receptor
and it is required along with glutamate to activate the NMDA
ion channel (139, 140). The binding site for glycine (located on
the NR1 subunit) of the NMDA receptor was first discovered
by Johnson and Ascher (1987) by preclinical electrophysiology
studies using the outside-out patch clamp method. The NMDA
receptor response was then observed to be potentiated by glycine.
The distinct binding site (glycine B receptor) was separate from
the strychnine-sensitive glycine inhibitory receptor as NMDA
receptor potentiation by glycine was not blocked by strychnine
(139). In clinical studies, reduced plasma concentrations of
glycine have been found in patients with schizophrenia and have
been correlated with a greater number of negative symptoms
(141, 142), supporting the use of glycine as a strategy to improve
NMDA receptor functioning in those patients identified as
having treatment resistance specific to the negative symptom
domain (138).

Glycine was first used as an augmenting treatment in
schizophrenia close to 30 years ago in a few small open-
label clinical trials used at doses between 5 and 25g per
day (138, 143-145). In subsequent controlled trials, 60g of
glycine augmented with first-generation or second-generation
antipsychotic medication was reported to improve not only
the negative symptoms (146-150), but also cognitive symptoms
(147, 148, 150) and the depressive symptoms of the illness
(148). Glycine is not able to cross the blood-brain barrier easily
as it has no specific amino acid transporter, so higher doses
must be used that impacts patients’ tolerability to glycine. The
benefits reported of using glycine as an augmenting treatment to
antipsychotic medications to improve the cognitive and negative
symptoms domains of the illness has since been disputed. In a
subsequent review, glycine was found to have moderate effect
in reducing negative symptoms and it was uncertain whether
it had any benefit at improving cognitive symptoms (151). The
multicentre Cognitive and Negative Symptoms in Schizophrenia
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Trial (CONSIST), found no significant differences between
glycine and placebo at improving the negative or cognitive
symptom domains of the illness (152). Overall, glycine may
be beneficial for those patients that have treatment resistance
specific to the negative and cognitive symptom domains; (153)
however it has not been a beneficial augmenting strategy in
patients with TRS on clozapine (154).

An alternative approach to increasing endogenous brain
glycine concentrations has been to block its reuptake and thus
improve glutamatergic tone. The amino acid sarcosine, a GlyT1
inhibitor, has also been demonstrated to improve the negative,
cognitive and depressive symptom domains of schizophrenia
(155, 156). Unfortunately, significant side-effects have since
been reported including ataxia, hypoactivity and respiratory
depression with the use of sarcosine, perhaps in relation to
mechanisms involved in the overstimulation of the strychnine-
sensitive glycine inhibitory glycine receptor (157, 158). When
used as an augmenting strategy in patients with TRS, sarcosine
was also not effective (159). This may be related to clozapine’s
glutamatergic effects and known GlyT1 antagonist properties
(136, 138). Bitopertin, a non-sarcosine-based selective GlyT1
inhibiting drug, has also been investigated as an adjunct to
antipsychotics (at doses of 10 and 30 mg per day) to mainly target
the negative symptom domain of the illness (160). In subsequent
phase III trials (SearchLyte trial programme), bitopertin was
unsuccessful at improving the primary outcome measure of
Positive and Negative Syndrome Scale (PANSS) (161) negative
symptom scores over placebo which led the manufacturer
Hoffmann-La Roche to discontinue the programme prematurely
(138).

D-serine, an allosteric modulator at the glycine co-agonist
binding site, has also been investigated as an augmenting
strategy primarily for improving the deficit symptoms of
schizophrenia. D-serine may be more effective than glycine
as it has a greater affinity for the glycine/serine binding
site and also has an increased ability to cross the blood-
brain barrier (162-164). Serum concentrations of D-serine
have also been found to be reduced in schizophrenia (165).
D-serine selectively binds to synaptic NMDA receptors and
may strengthen circuit connectivity and have more of a
neuroprotective effect as compared to glycine, which binds to
both synaptic and extrasynaptic NMDA receptors (138, 166). The
therapeutic effects of D-serine to improve refractory negative
symptoms in schizophrenia have been demonstrated when added
to antipsychotic therapy in patients with acute (156), chronic
(167), and treatment-resistant illness (168). D-serine is well-
tolerated and has been reported to be safe and effective used at
dosages up to 120 mg/kg per day (169). D-cycloserine, a drug
that was initially used to treat tuberculosis and an anolog of D-
serine, is also active at the glycine site and has been reported
to benefit the negative symptom domain of schizophrenia (170-
172). Unfortunately, in patients with TRS, glycine, D-serine,
and D-cycloserine have all been reported to be less effective at
improving the negative and cognitive symptom domains in those
patients receiving clozapine therapy (138, 152, 154, 172, 173).

Drugs that can downregulate presynaptic disinhibited
glutamate release on secondary downstream glutamate neurons

have also been explored in patients with TRS and may also work
to modulate circuit connectivity. Lamotrigine, an anticonvulsant
drug that suppresses presynaptic glutamate release by the
blockade of voltage-sensitive sodium channels has been shown
to improve clinical response when used as an adjunct to
clozapine treatment in ultra-resistant schizophrenia (138, 174-
178). The beneficial effects may be associated with clozapine’s
low affinity to the D2-receptor and involvement with the
glutamate system (in comparison to other antipsychotic drugs)
which may be further enhanced by lamotrigine (138, 175).
More recent clinical trials have studied the efficacy between
the metabotropic glutamate 2/3 (mGlu2/3) receptor agonist
pomaglumetad methionil (also known as LY2140023) and
atypical antipsychotics (138, 179, 180). In a phase II study,
it was found to be less effective than the comparator atypical
antipsychotic (180) and Eli Lilly subsequently stopped a phase III
trial investigating the compound as it failed to meet its primary
endpoint.

NITRIC OXIDE-BASED TREATMENTS

An alternative and novel approach that may improve
glutamate NMDA receptor signaling and circuit connectivity in
schizophrenia is to target the glutamate-NO-cyclic guanosine
monophosphate (cGMP) signaling cascade. Nitric oxide
is produced in the brain by a complex interaction with a
functional glutamate NMDA receptor and there have been
a number of clinical studies suggesting that signaling within
the glutamate-NO-cGMP pathway may be disrupted in the
illness (138, 181-187). As a gaseous signaling molecule, NO
is classified as a neuromodulator or second messenger due
to its ability to generate the production of cGMP. Nitric
oxide-mediated signal transduction is an important driver for
a variety of cellular processes throughout the body, including
those critical for the establishment and maintenance of
functional neuronal circuits and synaptogenesis (138, 188).
In the cerebral cortex, neurons that produce NO are among
the earliest differentiating cells that develop (138, 189).
The presence of NO-producing neurons during critical
developmental growth periods suggests that NO may be
required for the formation and subsequent migration of neurons
in the brain, and interruption of NO synthesis could lead
to impairment in neuronal connectivity as is observed in
schizophrenia.

Studies examining the effects of the NO donor drug sodium
nitroprusside (SNP) in PCP-treated rats has contributed insight
into the role of NO in psychosis (138, 190, 191). The results
then stimulated the investigation of the therapeutic effects of
SNP in schizophrenia (192, 193). Sodium nitroprusside is a
nitrovasodilator drug traditionally used for hypertensive crisis
(194). When SNP is administered, it reacts with oxyhemoglobin
molecules that are within erythrocytes to form methemoglobin
which causes the molecule to become unstable and immediately
release NO (138, 194).

The first investigational clinical trial of NO in schizophrenia
was conducted at the University Teaching Hospital in Ribeirao
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Preto, Sao Paulo, Brazil. In this clinical trial, an intravenous
infusion of SNP in patients who were already on antipsychotics
produced rapid improvement of symptoms (within 4 h of a single
infusion) as compared to those patients who received a placebo
infusion (138, 192). Symptom improvement continued for 4
weeks following the infusion (although antipsychotic medication
adjustments were permitted 7 days following the infusion). The
lasting benefits are thought to be related to ¢cGMP’s ability
to stimulate early gene products and subsequent modulatory
effects on the NMDA receptor itself. Sodium nitroprusside has
been beneficial in both early stage schizophrenia and in a few
case reports of ultra-resistant schizophrenia and did improve
a wide spectrum of symptom domains, including the positive,
negative, and anxiety symptoms of the illness (138, 192, 193). The
results were not replicated in a subsequent trial testing SNP in a
population of long-term chronically ill patients (195), which may
suggest that SNP-based therapies may be most effective when
used within the earlier stages of the illness in those patients
experiencing acute symptoms.

In relation to these findings, Dr. Paul Morrison (King’s
College London) is currently testing the NO-based compound
glyceryl trinitrate (GTN) for its ability to improve the cognitive
symptom domain of patients experiencing acute psychosis and
who are requiring hospitalization (Clinicaltrials.gov Identifier:
NCT02906553). Glyceryl trinitrate is another nitrovasodilator
drug that has been used to treat angina and other cardiac
conditions including myocardial infarction and congestive
heart failure. The biotransformation of GTN involves both
enzymatic and nonenzymatic pathways that are linked to the
pharmacokinetic and pharmacodynamics properties of the drug
(138, 196). The metabolic conversion of GTN to NO may also
improve downstream glutamate signaling. This clinical trial aims
to assess the role of the NO system in cognition and will initiate
a sublingual GTN spray 0.4 mg dose, once per day for 3 days
or matching placebo formulation spray not containing GTN
before the patients are initiated on antipsychotic medication.
Glyceryl trinitrate in sublingual spray formulation is a much
more convenient and less invasive approach to drug delivery
than intravenous infusion of SNP in patients with schizophrenia
and may be a promising approach to further improve treatment-
resistant cognitive symptoms in the illness.

GABA¢,gic INTERNEURON MODULATORS

Pharmacological strategies that target GABAergic interneurons
that may correct dysfunctional inhibitory feedback within
corticolimbic circuits are also being investigated. Specifically,
parvalbumin+ cells are now also being explored as a novel
approach to repairing DLPFC neural circuitry and improving the
cognitive symptom domain in schizophrenia (Clinicaltrials.gov
Identifier: NCT03164876). Parvalbumin+ cells innervate
multiple pyramidal cells and contain lower mRNA for
parvalbumin and GAD67 in those with schizophrenia
(124) and reduced expression of the potassium channel
KCNS3 gene which encodes the Kv9.3 potassium channel
a subunit and is essential for control over its fast-spiking

abilities  (197).  Inhibitory parvalbumin+ interneurons
contribute to the cognitive deficits in schizophrenia (115)
and in unmedicated patients with the illness. Kv3.1 channels
located on parvalbumin+ cells are reduced by disease and
then normalized with the use of antipsychotic drugs (198).
Dr. Charles Large (Autifony Therapeutics) has recently
completed a phase I study of AUT00206, a Kv3.1 channel
modulator in healthy volunteers (Clinicaltrials.gov Identifer:
NCT02589262) and in collaboration with Dr. Oliver Howes
(King’s College London), his team are currently recruiting for
a continued phase I study to explore its safety, tolerability,
pharmacokinetics and treatment effects on relevant biomarkers
in patients with schizophrenia (Clinicaltrials.gov Identifier:
NCT03164876).

CIRCUIT-BASED NEUROSURGERY

Surgical modalities that can precisely target particular
regions of focal and well-localized dysconnectivity in the
brain are currently being tested as a more circuit-specific
approach to precision medicine in schizophrenia. Deep
brain stimulation (DBS) has been a well-established targeted
therapeutic approach that has been used to improve the
treatment-resistant symptoms of Parkinson’s disease, obsessive-
compulsive disorder and treatment refractory depression
(199-202).

Neurosurgical DBS strategies are also now being considered to
be used in ultra-resistant schizophrenia to target those relevant
brain hubs that may improve the interconnectivity of relevant
neuronal circuits. The implantation of electrodes into accessible
anatomical nodes can be targeted to normalize or reset abnormal
patterns of cortical network GBO activity that disrupt neural
circuits. The stimulation settings of the electrodes can be titrated
to tune the neurons to specific frequencies and recalibrate
neuronal asynchrony. There is current interest in targeting
several important network hubs using DBS in ultra-resistant
schizophrenia involved in basal ganglia-thalamocortical and
DLPEC brain circuits. Hubs identified include the hippocampus,
ventral and associated striatum, medial and DLPFC, substantia
nigra, nucleus accumbens and the mediodorsal nucleus of the
thalamus (203-205). These hubs have been chosen primarily
based on known pathological findings in schizophrenia and/or
their interconnectedness to other brain hubs that are circuit-
specific and related to the excessive and mistimed dopamine
release in the striatum. Hippocampal dysfunction that drives
downstream dopamine release in the striatum contributing to
persistent positive symptoms is one of the clinical hallmarks for
treatment-resistant disease (206).

Currently there are two phase I DBS trials investigating this
approach in ultra-resistant schizophrenia that are recruiting
patients. The first trial at Hospital Santa Creu i Sant Pau
in Barcelona (Clinicaltrials.gov Identifier: NCT02377505) is
targeting electrode placement in either the nucleus accumbens
or the subgenual ACC. The participants will be randomized to
receive stimulation to either of these neuroanatomical sites with
the stimulation remaining on until a full 6 months of stabilization
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is achieved. Those patients who are responsive will then be
crossed-over to stimulation-on or stimulation-off groups for 3
months.

The principal investigator, Dr. Iluminada Corripio has
recently reported positive findings in the first subject who
participated in this clinical trial. The patient had a long history
of ultra-resistant schizophrenia-positive symptom domain
refractory symptoms including manifestations of persecutory,
control and delusions of reference. Her referential delusions
had become so pronounced that she was unable to leave her
home. The patient had a long treatment history typical of ultra-
resistant schizophrenia including many trials with a number
of different antipsychotic medications, including the use of
clozapine (600 mg/day) with little benefit. The patient underwent
bilateral electrode implantation in the nucleus accumbens and
left-sided unilateral stimulation. Improvement was achieved
in both positive and negative symptoms measured 4 weeks
post-implantation and after 11 months of open treatment, the
patient experienced over a 60% reduction in positive symptoms
as measured by the positive symptoms subscale of the PANSS as
well as a 33% reduction in negative symptoms, 50% reduction
in the PANSS disorganization factor, 33% reduction in PANSS
excited factor and 16.7% increase in the depressed factor.
The patient continues to do well and is now able to leave her
home and has made significant improvements to her overall
functioning. For this patient with ultra-resistant schizophrenia,
this DBS treatment option was of substantial benefit to otherwise
untreatable refractory symptoms (207).

The second DBS trial in ultra-resistant schizophrenia is out
of Johns Hopkins University where the study team led by
Dr. William Anderson will be recruiting three ultra-refractory
patients and will be targeting the local inhibition of the
substantia nigra pars reticulata (SNr), a major outflow nucleus
of the basal ganglia with the intention of disinhibition and
driving the activity of the mediodorsal nucleus of the thalamus
(Clinicaltrials.gov Identifier: NCT02361554). The structure and
hypofunction of the mediodorsal nucleus of the thalamus
has been investigated in several imaging and post-mortem
studies in schizophrenia (208). All of the DBS studies in ultra-
resistant schizophrenia are only recruiting those patients who
have exhausted all other therapeutic alternatives and continue
to have severe and disabling clinical symptoms and poor
functioning.

CIRCUIT-BASED NEUROMODULATION

The use of external neuromodulation devices, a less invasive
circuit-based treatment approach than DBS has also become
an alternative treatment option for refractory schizophrenia.
Repetitive transcranial magnetic stimulation (rTMS) has been the
method most investigated. In rTMS time-varying currents are
generated in an induction coil and are held over the scalp and
applied to stimulate and improve the functioning and synchrony
of the GBO networks and GABA inhibitory mechanisms within
the brain circuits beneath it. There have been several randomized
studies conducted to show that stimulation targeted over the left

TPJ, a critical hub involved in the pathophysiology of AVH, can
reduce these symptoms (209-215).

Transcranial direct current stimulation (tDCS) is an
alternative non-invasive form of neuromodulation that has
been used to target specific circuits of the brain to improve
treatment-refractory symptom domains of schizophrenia. It is
a smaller, lightweight, portable and less expensive option than
TMS and could be easily used at home to reduce the burden of
having to receive daily treatments within a clinical setting (216).
In this approach, two sponge electrodes are positioned on the
scalp to facilitate a low-intensity electrical current (1-2mA)
that is passed between them. The transcranial current that is
generated is continuous and flows in a direct current from
an anode (current that enters the body) to induce prolonged
depolarization to a cathode (a current that exits the body) to
induce hyperpolarization under the cathode (217-220). It is
thought that the mechanisms involved in the longer-lasting
effects of tDCS are protein synthesis-dependent and in the
modification of intracellular cascades beyond the membrane
potential to influence cellular features associated with NMDA
receptor functioning (216, 217). tDCS is increasingly being
investigated by more independent schizophrenia researchers
and primarily for improvement of positive (AVH) and negative
symptom domain refractory symptoms.

Based on observations of the dysconnectivity of fronto-
temporal circuits from functional neuroimaging studies of
patients experiencing AVH (60-62), clinical studies have used
tDCS to improve the dysconnectivity of these circuits to decrease
AVH in patients with schizophrenia. In these studies, the anode
electrode is applied over the left DLPFC (abnormally hypoactive)
with the cathode electrode applied over the TP] (abnormally
hyperactive) to modulate the circuit and alleviate the severity
of the AVH in schizophrenia (218, 221, 222). Results have been
mixed in the ability of tDCS to reduce severity and frequency
of AVH. For reviews see Li et al. (223), Ponde et al. (224), and
Agarwal et al. (225). Studies that have reported a stronger and
longer lasting response have had a higher number of treatment
sessions and/or shorter time interval between sessions within
their design (221, 226).

Open-label and randomized clinical trials that have examined
the effects of tDCS to target negative symptoms of schizophrenia
have placed the anode over the left DLPFC and the cathode
over the right DLPFC or the right supraorbital region or
placed it extra-cephalically (221, 227-229). A meta-analysis
concluded that tDCS treatment is beneficial for improving
negative symptom domain indications (211). There has been
direct support for the safety of tDCS in human clinical trials
with the most often reported side-effect of mild skin erythema,
itching, tingling and burning under the electrode placement as
well as temporary headache and dizziness which resolves after
stimulation (218, 220).

CONCLUDING REMARKS

Treatment resistance in schizophrenia continues to be a
therapeutic challenge in psychiatry. Within the spectrum
of the disease, neural circuits within specific brain regions
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and their structural and functional links to corresponding
regions seem to be further disrupted in TRS. In this review,
we have examined TRS from a circuit-based perspective.
We highlighted attempts by leading schizophrenia clinicians
and researchers to standardize the definition of treatment
resistance in schizophrenia and have identified and incorporated
recommended terminology with regards to the clinical sub-
specifiers or symptom phenotypes that are common to TRS.
We discussed the developments of network-based science
from the early pioneers who recognized psychiatric illness
and schizophrenia as a disease of neuronal and functional
disconnectivity. With the development of neuroimaging
methods, modern-day connectionists have built upon these
theories and have continued to develop and advance network
connectomic science today.

Our review of schizophrenia and TRS within a connectome
context suggests that the structural and functional alterations
may be greater in those patients with persistent treatment-
resistant symptoms, indicating that there may be fundamental
differences within brain network properties that contribute
to the inability to integrate the activity and function of
distributed neuronal networks that are specific to TRS. Cortical
network oscillations and GBO in particular have been reviewed
to understand their role in the integration of neuronal
information across large neuronal ensembles in the illness.
The complex relationship involved in the synchronized firing
between excitatory pyramidal cells and inhibitory GABAergic
interneurons were also reviewed, including findings specific
to dysfunctional inhibitory networks in schizophrenia and
parvalbumin interneuron dysfunction and what role these
cells may play in dysfunctional pyramidal cell inhibition in
schizophrenia.

We conclude the review with an overview of several
augmenting pharmacological treatments, such as glutamate
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Disease Severity in Treatment
Resistant Schizophrenia Patients Is
Mainly Affected by Negative
Symptoms, Which Mediate the
Effects of Cognitive Dysfunctions
and Neurological Soft Signs

Felice lasevoli*, Camilla Avagliano, Benedetta Altavilla, Annarita Barone,
Luigi D’Ambrosio, Marta Matrone, Danilo Notar Francesco, Eugenio Razzino and
Andrea de Bartolomeis

Section of Psychiatry - Unit on Treatment Resistant Psychosis, Laboratory of Molecular and Translational Psychiatry,
Department of Neuroscience, University School of Medicine Federico Il, Naples, Italy

This post-hoc study was aimed at assessing whether disease severity was higher in a
sample of Treatment Resistant Schizophrenia patients (TRS) compared to schizophrenia
patients responsive to antipsychotics (non-TRS). Determinants of disease severity were
also investigated in these groups. Eligible patients were screened by standardized
diagnostic algorithm to categorize them as TRS or non-TRS. All patients underwent
the following assessments: CGI-S; PANSS; DAI; NES; a battery of cognitive tests.
Socio-demographic and clinical variables were also recorded. TRS patients exhibited
significantly higher disease severity and psychotic symptoms, either as PANSS total
score or subscales’ scores. A preliminary correlation analysis ruled out clinical and
cognitive variables not associated with disease severity in the two groups. Hierarchical
linear regression showed that negative symptoms were the clinical variable explaining
the highest part of variation in disease severity in TRS, while in non-TRS patients
PANSS-General Psychopathology was the variable explaining the highest variation.
Mediation analysis showed that negative symptoms mediate the effects of verbal fluency
dysfunctions and high-level neurological soft signs (NSS) on TRS’ disease severity.
These results show that determinants of disease severity sharply differ in TRS and
non-TRS patients, and let hypothesize that TRS may stem from cognitive disfunctions
and putatively neurodevelopmental aberrations.

Keywords: psychosis, refractory, clozapine, antipsychotics, positive symptoms, response

INTRODUCTION

Treatment Resistant Schizophrenia (TRS) is a major challenge in clinical management and therapy
of schizophrenia (1), which per se is among the most relevant causes of morbidity worldwide
(2). TRS is defined as the lack of response to a number of antipsychotic agents, which causes the
patients to be actively symptomatic and to not gain symptom remission and functional recovery (3).
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Accordingly, TRS has been associated to more severe social
disability (4), whose determinants appear to strongly diverge
from that in responder schizophrenia patients (i.e., non-TRS)
(5, 6). Also, TRS may represent a categorically distinct subtype
of schizophrenia (7), as also suggested by clinical data showing
higher severity of neurological soft signs (NSS) in these patients
(8), a marker of aberrant brain development (9).

In this study, we evaluated whether disease severity differed
in TRS vs. non-TRS patients. As a subsequent step, we tried to
delineate the clinical factors influencing disease severity in these
two groups.

METHODS

This post-hoc analysis used data from a previous cross-sectional
naturalistic study (6). Patients’ recruitment continued after
the above-mentioned report, and therefore the present study
includes data from an expanded sample compared to that earlier
one.

Patients were referred to our academic Outpatient Unit
on Treatment Resistant Psychosis, University “Federico II” of
Naples, by community psychiatrists for evaluation of putative
TRS, as they suffered from psychotic symptoms apparently non-
responding to antipsychotic agents. All consecutive patients
meeting criteria for eligibility were recruited.

Inclusion criteria were: (i) age within the 18-65-year
range; (ii) diagnosis of schizophrenia; (iii) being treated with
antipsychotics; (iv) stabilized symptoms, including persistent
psychotic symptoms with no evidence of actual or recent (ie.,
in the last 3 months prior assessments) worsening. Exclusion
criteria were: (i) intellectual disability (according to DSM-
5 diagnostic criteria); (ii) severe medical diseases; (iii) non-
schizophrenia psychotic disorders; (iv) psychotic symptoms due
to another medical condition or to substances/medications.

All patients signed a written informed consent form, approved
by the local Ethical Committee. All procedures carried out herein
complied with the principles laid down by the Declaration of
Helsinki, revised Hong Kong 1989.

A preliminary screening procedure was carried out for
identifying non-schizophrenia psychotic disorders, pseudo-TRS,
non-TRS, and TRS patients. This procedure has been described
elsewhere (6). For all patients, the following set of clinical-
demographic data were recorded: age; gender; education years;
age at disease onset (AaO); duration of illness (Dol); age at
first psychiatric evaluation; history of substance, alcohol, or drug
abuse; everyday living functional milestones (4). The following
rating scales were administered by two experienced raters: the
Clinical Global Impression-Severity (CGI-S); the Positive and
Negative Syndrome Scale (PANSS); the Neurological Evaluation
Scale (NES) (10); the Drug Attitude Inventory (11).

Patients were assessed for the following cognitive domains’
performances: Sustained and Selective Attention by the
Continuous Performance Task (CPT); Verbal Memory by the
List Learning task; Visuospatial Memory (VSM) by the Brief
Visuospatial Memory test-Revisited; Working Memory by the
Digit Sequencing task; Verbal Fluency by the Category Instances

task and the Controlled Oral Word Association test; Problem
Solving by the Tower of London task; Speed of Information
Processing by the Symbol Coding task. Raw data from each task
were adjusted in corrected scores, according to values in the
Italian normative population (12-14). High corrected scores
corresponded to better preservation of cognitive status.

All statistical procedures were carried out by using the SPSS
24.0®. Descriptive statistics were used to report clinical and
socio-demographic data. Independent-sample Students T-test
was used to compare quantitative data among diagnostic groups.
In all tests, significance was set at p < 0.05 (two-tailed). Analysis
of correlation was performed by Pearons’s or Spearman’s test, for
continuous and categorical variables respectively. Multivariate
linear regression analysis was used to perform both hierarchical
linear regression (HLR) and mediation analyses.

RESULTS

Group Comparison

A total of 73 schizophrenia patients enrolled in the study
were subdivided in TRS (n = 41) and non-TRS (n 32)
ones. Age [t(;,71) = 1.66; p > 0.05], gender (x = 1.64; p
> 0.05), and education age [t(;7;) = 1.45 p > 0.05] were
not significantly different between groups. Disease severity and
psychotic symptoms were significantly more severe in TRS
patients compared to non-TRS [Student’s ¢-test; CGI-S: t() 71y =
3.48; p = 0.001; PANSS Positive Score: £(1,71) = 1.92; p = 0.059;
PANSS Negative Score: £(;, 71y = 3.99; p < 0.0005; PANSS General
Psychopathology (GP) Score: t(1 71y = 3.21; p = 0.002; PANSS
Total Score: t(1,71) = 3.79; p < 0.0005] (Figure 1).

Correlation Analysis

In TRS patients, Pearson’s test revealed significant positive
correlations between disease severity and psychotic symptoms
(PANSS Positive: r = 0.51, p = 0.001; PANSS Negative: r = 0.59,
p < 0.0005; PANSS-GP: r = 0.58, p < 0.0005) or NSS (NES score:
r = 0.44, p = 0.005), and inverse significant correlations between
disease severity and verbal fluency performances (r = —0.35, p =
0.03) or VSM score (r = —0.33, p = 0.03).

In non-TRS patients, disease severity showed significant
negative correlations with age (r —0.38, p = 0.03) and
duration of disease (r = —0.36, p = 0.04) and significant positive
correlations with psychopathology (PANSS Positive: r = 0.50, p
= 0.004; PANSS Negative: r = 0.41, p = 0.02; PANSS-GP: r =
0.56, p = 0.001), but not with NSS. Lifetime work occupation (p
—0.37, p = 0.03), residential status (p = —0.40; p = 0.02), and
history of drug abuse (p = 0.42; p = 0.02) were also significantly
correlated with disease severity at the Spearman’s p test in these
patients.

Hierarchical Linear Regression

We used a hierarchical linear regression (HLR) approach to
evaluate which variables explained the most part of variation
in CGI-S score. PANSS Negative score was the variable that
explained the most variance in CGI-S (Model 1: F = 21.22; p <
0.0005; R? = 0.36; standardized § = 0.599). PANSS Positive score
was the only other variable whose addition in the model led to
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a statistically significant increase in R* (Model 2: F = 17.87; p
< 0.0005; R* = 0.49; standardized B PANSS Negative = 0.492;
standardized p PANSS Positive = 0.380).

In non-TRS patients, the HLR approach showed that inclusion
of PANSS-GP score explained substantial variation in CGI-S
(Model 1: 13.64; p = 0.001; R? = 0.313; standardized f = 0.559)
and no other variable added significant variation to the equation.

Mediation Analysis

In order to make the relationships among these variables clearer,
we performed a series of mediation analysis based on the Baron
and Kenny four-step model (15). We started from the hypothesis
that the variables responsible for the highest variance in HLR may
mediate the relations with disease severity of the variables found
associated to CGI-S in the correlation analysis.

According to correlation analysis, all variables included in the
regression analysis were significant predictors of the outcome
variable CGI-S (Step 1).

In TRS patients, the putative mediator variables were PANSS
Negative score or PANSS Positive score. Verbal Fluency, NSS,
and PANSS Positive score were significant predictors of the
outcome variable PANSS Negative score (Step 2), while VSM
score and PANSS-GP were not (Step 2 not met; analysis stopped).
PANSS Negative score was significantly predictive of the outcome
variable CGI-S when controlled for either Verbal Fluency, NSS,
or PANSS Positive (Step 3). Verbal Fluency and NSS were no
more significantly predictive of CGI-S score when controlled for
PANSS Negative (Step 4), indicating that their relations with
CGI-S may be partially mediated by negative symptoms. On
the contrary, PANSS Positive was still significantly predictive
of CGI-S when controlled for PANSS Negative, indicating
that negative symptoms did not mediate the relation between
positive symptoms and disease severity. VSM score, however, was
significantly predictive of the outcome variable PANSS Positive
(Step 2). PANSS Positive was predictive of CGI-S score after
controlling for VSM score (Step 3), while VSM score was no
more significantly predictive of CGI-S score after controlling
for PANSS Positive (Step 4), thereby indicating that the relation

between VSM and CGI-S was partially mediated by positive
symptoms. Alternative models, using different combinations of
causal and moderator variables, were investigated, however none
of these yielded significant results (data not shown). The results
of this analysis are illustrated in Figure 2A.

In non-TRS patients, mediation analysis showed that the most
important mediator variable was PANSS-GP, which agreed with
results of the HLR. Among the variables correlated with CGI-
S, PANSS Positive, PANSS Negative, and age were significantly
predictive of the outcome variable PANSS-GP (Step 2). PANSS
Positive, PANSS Negative, and age were no more significantly
predictive of CGI-S score when controlled for PANSS-GP (Step
3). PANSS-GP was still significantly predictive of CGI-S score
after controlling for PANSS Positive, PANSS Negative, or age
(Step 4). Alternative models were also investigated. The only
other significant mediation model was found for PANSS Positive
as a mediation variable for age and duration of illness effects on
CGI-S. The results of this analysis are illustrated in Figure 2B.

DISCUSSION

The present work was aimed at dissecting some of the distinctive
clinical features that affect disease severity in schizophrenia
patients responsive to antipsychotic medications compared to
TRS ones. We observed directional relationships among the
variables accounted herein and disease severity, that were
sharply divergent for TRS and non-TRS. Indeed, TRS has been
considered a unique neurobiological clinical entity (16-18), with
its proper pathophysiology, clinical presentation, and disease
course (5, 7). The differences in clinical determinants of disease
severity found in the present study comply with this view.
Notably, in TRS patients the most relevant clinical variable
in determining disease severity was found to be the extent
of negative symptoms. The impact of negative symptoms on
disease severity does not appear attributable to their higher
severity in TRS, since global psychotic symptoms as well as
each psychotic symptom domain have been found more severe
in TRS compared to non-TRS patients herein. Indeed, the

Frontiers in Psychiatry | www.frontiersin.org 52

October 2018 | Volume 9 | Article 553


https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

lasevoli et al. Disease Severity in Treatment Resistant Schizophrenia

Panel A.
Verbal
Fluency 0305
0.599*%*
PANSS et
Negative
NES Score 0.437**
PANSS
VSM L
Positive

Panel B.

Duration | ,364+[ pANSS

of lliness o

Positive 0.559%*
0.407*@
0.472%xb
*%C
-0.391* PANSS PANSS-GP sy
Negative
Age
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regression analyses, along with p values (*p < 0.05; **p <.005). For PANSS Negative connection with CGI-S, we reported uncontrolled, Verbal Fluency controlled (a),
and NES controlled (b) standardized betas. Verbal Fluency and NES score were significantly predictive of CGI-S (standardized B = —0.34, p = 0.03; standardized B =
0.438, p = 0.005, respectively), but significance was lost after controlling for PANSS Negative (standardized B = —0.06, p > 0.05; standardized B = 0.218, p >
0.05). For PANSS Positive connection with CGl-s, we reported uncontrolled and VSM controlled (c) standardized betas. VSM was significantly predictive of CGI-S
(standardized B = —0.334, p = 0.03), however significance was lost after controlling for PANSS Positive (standardized B = —0.153, p > 0.05). Panel (B) reports
outputs of mediation analysis for the non-TRS group. For PANSS General Psychopathology (GP) connection with CGI-S, we reported uncontrolled, PANSS Positive
controlled (a), PANSS Negative controlled (b), and age controlled (c) standardized betas. PANSS Positive, PANSS Negative, age, and duration of illness were
significantly predictive of CGI-S (standardized B = 0.500, p = 0.004; standardized B = 0.417, p = 0.02; standardized B = —0.382, p = 0.03; standardized B =
—0.362, p = 0.04, respectively), but significance was lost after controlling for PANSS-GP (standardized B = 0.225, p > 0.05; standardized B = 0.258, p > 0.05;
standardized B = —0.198, p > 0.05, respectively) or PANSS Positive in the case of duration of illness (standardized B = —0.196, p > 0.05).

association between negative symptoms and lack of response to
antipsychotics had been classically reported (19, 20). Also, it has
to be noted that, although being less severe than in TRS patients,
the most relevant clinical variable in determining disease severity
in non-TRS patients was PANSS General Psychopathology
subscale score, which in turn accounts for the effects on
disease severity of positive symptoms, negative symptoms,
and duration of the illness. These elements let hypothesize a
tight and putatively neurobiologically-determined connection
between negative symptoms and TRS, affecting disease severity.
Relevance of negative symptoms on disease severity in TRS
patients may lead to two alternative explanations: (i) patients
with a larger extent of negative symptoms are considered
to be TRS since these symptoms may not be impacted by
antipsychotic agents; indeed, a large metanalysis of randomized

placebo-controlled trials failed to find significant clinical effects
of antipsychotics on negative symptoms (21); (ii) patients with a
TRS suffer from a neurobiologically distinct form of the disease,
which express symptomatically with prominent alterations in
cognitive and negative symptoms. Indeed, there is strong
evidence that cognitive dysfunctions are strictly interconnected
with negative symptoms (22, 23).

The cross-sectional nature of this study does not allow to
solve this issue. However, some clarifications may derive from
mediation analysis. In TRS patients, mediation analysis showed
that negative and positive symptoms directly and independently
affected disease severity. Negative symptoms partially mediated
the effects on disease severity of verbal fluency deficits and
high-level neurological soft signs. Positive symptoms partially
mediated the effects of visuospatial memory deficits. These
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data imply a strong distal effect of cognitive dysfunctions and
neurological soft signs on psychopathology and disease severity
in TRS patients. It has been proposed that cognitive deficits in
schizophrenia may underlie proper and distinct neurobiology
(24). Also, cognitive deficits and severe neurological soft signs
may stem from more relevant neurodevelopmental aberrations
in schizophrenia patients. Therefore, it should be hypothesized
that TRS patients are a subset of schizophrenia patients whose
relevant cognitive deficits and high-level neurological soft signs,
of putative neurodevelopmental origin, in turn determine severe
negative and positive symptoms, affecting disease severity. These
theoretical causal inferences need to be demonstrated by means
of ad hoc designed longitudinal designs.

Notably, determinants of disease severity are sharply divergent
and do not involve neurological soft signs or cognitive alterations.
Indeed, in non-TRS patients, general psychopathology partially
mediated the effects of positive and negative symptoms, age, and
duration of illness on disease severity. These results suggest that
other clinical variables, not accounted herein, may have a major
role in determining disease severity in non-TRS patients.

The results of this study should be interpreted in the light
of its limitations: the sample size was relatively small, although

REFERENCES

1. Kennedy JL, Altar CA, Taylor DL, Degtiar I, Hornberger JC. The
social and economic burden of treatment-resistant schizophrenia: a
systematic literature review. Int Clin Psychopharmacol. (2014) 29:63-76.
doi: 10.1097/YIC.0b013e32836508¢e6

2. Charlson FJ, Ferrari AJ, Santomauro DE Diminic S, Stockings E, Scott JG,
et al. Global epidemiology and burden of schizophrenia: findings from the
global burden of disease study 2016. Schizophr Bull. (2018) 44:1195-203.
doi: 10.1093/schbul/sby058

3. Howes OD, McCutcheon R, Agid O, de Bartolomeis A, van Beveren
NJ, Birnbaum ML, et al. Treatment-Resistant Schizophrenia: Treatment
Response and Resistance in Psychosis (TRRIP) working group consensus
guidelines on diagnosis and terminology. Am ] Psychiatry (2017) 174:216-29.
doi: 10.1176/appi.ajp.2016.16050503

4. Tasevoli E, Giordano S, Balletta R, Latte G, Formato MV, Prinzivalli E, et al.
Treatment resistant schizophrenia is associated with the worst community
functioning among severely-ill highly-disabling psychiatric conditions and
is the most relevant predictor of poorer achievements in functional
milestones. Prog Neuropsychopharmacol Biol Psychiatry (2016) 65:34-48.
doi: 10.1016/j.pnpbp.2015.08.010

5. Iasevoli F, Avagliano C, Altavilla B, Barone A, Ciccarelli M, D’Ambrosio
L, et al. Evaluation of a few discrete clinical markers may predict
categorization ~of actively symptomatic schizophrenia
patients as treatment resistant or responders: a study by ROC curve
analysis and multivariate analyses. Psychiatry Res. (2018) 269:481-93.
doi: 10.1016/j.psychres.2018.08.109

6. lasevoli E D’Ambrosio L, Notar Francesco D, Razzino E, Buonaguro
EF, Giordano S, et al. Clinical evaluation of functional capacity in
treatment resistant schizophrenia patients: comparison and differences
with non-resistant schizophrenia patients. Schizophr Res. (2018).
doi: 10.1016/j.schres.2018.06.030. [Epub ahead of print].

7. Gillespie AL, Samanaite R, Mill J, Egerton A, MacCabe JH. Is treatment-
resistant schizophrenia categorically distinct from treatment-responsive
schizophrenia? a systematic review. BMC Psychiatry (2017) 17:12.
doi: 10.1186/512888-016-1177-y

8. de Bartolomeis A, Prinzivalli E, Callovini G, D’Ambrosio L, Altavilla B,
Avagliano C, et al. Treatment resistant schizophrenia and neurological

non-acute

TRS is a subpopulation of the whole schizophrenia patients and a
representative sample is expected to be lower than that needed to
study schizophrenia; rating scale scores may have been partially
biased by antipsychotic treatment; selection of non-TRS patients
was among patients initially suspected to be non-responsive
to antipsychotic regimens and for this reason referred to our
specialist unit, which may cause inclusion of severe, albeit non-
TRS, patients and may mitigate differences with TRS patients.

AUTHOR CONTRIBUTIONS

FI and AdB designed the study. CA, BA, AB, MM, LD, DN, and
ER recruited the patients and administered assessment tools. FI
carried out data analysis. FI and AdB wrote the manuscript. All
authors read, corrected, and approved the manuscript in its final
form.

ACKNOWLEDGMENTS

We thank the staff of the Unit on Treatment Resistant Psychosis
of the University of Naples Federico II for all help in recruiting
patients for this study.

soft signs may converge on the same pathology: evidence from
explanatory analysis on clinical, psychopathological, and cognitive
variables. Prog Neuropsychopharmacol Biol Psychiatry (2018) 81:356-66.
doi: 10.1016/j.pnpbp.2017.09.002
9. Compton MT, Bollini AM, McKenzie Mack L, Kryda AD, Rutland J,
Weiss PS, et al. Neurological soft signs and minor physical anomalies in
patients with schizophrenia and related disorders, their first-degree biological
relatives, and non-psychiatric controls. Schizophr Res. (2007) 94:64-73.
doi: 10.1016/j.schres.2007.04.002
Buchanan RW,  Heinrichs Neurological ~ Evaluation
(NES): a structured for the assessment of
neurological signs in schizophrenia. Psychiatry Res. (1989) 27:335-50.
doi: 10.1016/0165-1781(89)90148-0
. Iasevoli E Fagiolini A, Formato MV, Prinzivalli E, Giordano S, Balletta
R, et al. Assessing patient-rated vs. clinician-rated adherence to the
therapy in treatment resistant schizophrenia, schizophrenia responders,
and non-schizophrenia patients. Psychiatry Res. (2017) 249:159-66.
doi: 10.1016/j.psychres.2017.01.015
Anselmetti S, Poletti S, Ermoli E, Bechi M, Cappa S, Venneri A, et al. The
Brief Assessment of Cognition in Schizophrenia. Normative data for the
Ttalian population. Neurol Sci. (2008) 29:85-92. doi: 10.1007/s10072-008-
0866-9
Galderisi S, Rossi A, Rocca P, Bertolino A, Mucci A, Bucci P, et al. The
influence of illness-related variables, personal resources and context-related
factors on real-life functioning of people with schizophrenia. World Psychiatry
(2014) 13:275-87. doi: 10.1002/wps.20167
Tasevoli E Balletta R, Gilardi V, Giordano S, de Bartolomeis A. Tobacco
smoking in treatment-resistant schizophrenia patients is associated with
impaired cognitive functioning, more severe negative symptoms, and
poorer social adjustment. Neuropsychiatr Dis Treat. (2013) 9:1113-20.
doi: 10.2147/NDT.S47571
Hayes AF. Beyond baron and kenny: statistical mediation analysis
in the new millennium. Commun Monogr. (2009) 76:408-20.
doi: 10.1080/03637750903310360
Kim E, Howes OD, Veronese M, Beck K, Seo S, Park JW, et al. Presynaptic
dopamine capacity in patients with treatment-resistant schizophrenia taking
clozapine: an [(18)F]DOPA PET study. Neuropsychopharmacology (2017)
42:941-50. doi: 10.1038/npp.2016.258

DW. The

Scale instrument

Frontiers in Psychiatry | www.frontiersin.org

54

October 2018 | Volume 9 | Article 553


https://doi.org/10.1097/YIC.0b013e32836508e6
https://doi.org/10.1093/schbul/sby058
https://doi.org/10.1176/appi.ajp.2016.16050503
https://doi.org/10.1016/j.pnpbp.2015.08.010
https://doi.org/10.1016/j.psychres.2018.08.109
https://doi.org/10.1016/j.schres.2018.06.030
https://doi.org/10.1186/s12888-016-1177-y
https://doi.org/10.1016/j.pnpbp.2017.09.002
https://doi.org/10.1016/j.schres.2007.04.002
https://doi.org/10.1016/0165-1781(89)90148-0
https://doi.org/10.1016/j.psychres.2017.01.015
https://doi.org/10.1007/s10072-008-0866-9
https://doi.org/10.1002/wps.20167
https://doi.org/10.2147/NDT.S47571
https://doi.org/10.1080/03637750903310360
https://doi.org/10.1038/npp.2016.258
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

lasevoli et al. Disease Severity in Treatment Resistant Schizophrenia
17. Mouchlianitis E, McCutcheon R, Howes OD. Brain-imaging studies of =~ 23. Lim J, Lee SA, Lam M, Rapisarda A, Kraus M, Keefe RS, et al.
treatment-resistant schizophrenia: a systematic review. Lancet Psychiatry The relationship between negative symptom subdomains and
(2016) 3:451-63. doi: 10.1016/S2215-0366(15)00540-4 cognition. Psychol Med. (2016) 46:2169-77. doi: 10.1017/S00332917160
18. Mouchlianitis E, Bloomfield MA, Law V, Beck K, Selvaraj S, Rasquinha N, et al. 00726
Treatment-resistant schizophrenia patients show elevated anterior cingulate 24. Neill JC, Barnes S, Cook S, Grayson B, Idris NE McLean SL,
cortex glutamate compared to treatment-responsive. Schizophr Bull. (2016) et al. Animal models of cognitive dysfunction and negative
42:744-52. doi: 10.1093/schbul/sbv151 symptoms of schizophrenia: focus on NMDA receptor antagonism.
19. Leucht S, Corves C, Arbter D, Engel RR, Li C, Davis JM. Second-generation Pharmacol Ther. (2010) 128:419-32. doi: 10.1016/j.pharmthera.2010.
versus first-generation antipsychotic drugs for schizophrenia: a meta-analysis. 07.004
Lancet (2009) 373:31-41. doi: 10.1016/S0140-6736(08)61764-X
20. Leucht S, Komossa K, Rummel-Kluge C, Corves C, Hunger H, Schmid E Conflict of Interest Statement: The authors declare that the research was
et al. A meta-analysis of head-to-head comparisons of second-generation conducted in the absence of any commercial or financial relationships that could
antipsychotics in the treatment of schizophrenia. Am ] Psychiatry (2009) be construed as a potential conflict of interest.
166:152-63. doi: 10.1176/appi.ajp.2008.08030368
21. Fusar-Poli P, Papanastasiou E, Stahl D, Rocchetti M, Carpenter W, Shergill Copyright © 2018 Iasevoli, Avagliano, Altavilla, Barone, D’Ambrosio, Matrone,
S, et al. Treatments of negative symptoms in schizophrenia: meta-analysis Notar Francesco, Razzino and de Bartolomeis. This is an open-access article
of 168 randomized placebo-controlled trials. Schizophr Bull. (2015) 41:892-9. distributed under the terms of the Creative Commons Attribution License (CC BY).
doi: 10.1093/schbul/sbul70 The use, distribution or reproduction in other forums is permitted, provided the
22. Sevy S, Khan A, Lindenmayer JP, McGurk S, Paker B, Ljuri I, et al. original author(s) and the copyright owner(s) are credited and that the original

Cognitive correlates of the negative symptoms expressive and experiential

publication in this journal is cited, in accordance with accepted academic practice.

deficit factors in psychosis. Schizophrenia Bull. (2018) 44:5244-S. No use, distribution or reproduction is permitted which does not comply with these
doi: 10.1093/schbul/sby017.594 terms.
Frontiers in Psychiatry | www.frontiersin.org 55 October 2018 | Volume 9 | Article 553


https://doi.org/10.1016/S2215-0366(15)00540-4
https://doi.org/10.1093/schbul/sbv151
https://doi.org/10.1016/S0140-6736(08)61764-X
https://doi.org/10.1176/appi.ajp.2008.08030368
https://doi.org/10.1093/schbul/sbu170
https://doi.org/10.1093/schbul/sby017.594
https://doi.org/10.1017/S0033291716000726
https://doi.org/10.1016/j.pharmthera.2010.07.004
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

l" frontiers
in Psychiatry

ORIGINAL RESEARCH
published: 04 December 2018
doi: 10.3389/fpsyt.2018.00654

OPEN ACCESS

Edited by:

Felice lasevoli,

Universita degli Studi di Napoli
Federico I, Italy

Reviewed by:

Assen Veniaminov Jablensky,
University of Western Australia,
Australia

Carmine Tomasetti,
Dipartimento di Salute Mentale,
SPDC di Giulianova, ltaly

*Correspondence:
John Lally
John.lally@kcl.ac.uk

Specialty section:

This article was submitted to
Schizophrenia,

a section of the journal
Frontiers in Psychiatry

Received: 17 September 2018
Accepted: 16 November 2018
Published: 04 December 2018

Citation:

Lally J, Watkins R, Nash S, Shetty H,
Gardner-Sood B, Smith S, Murray RM
and Gaughran F (2018) The
Representativeness of Participants
With Severe Mental lliness in a
Psychosocial Clinical Trial.

Front. Psychiatry 9:654.

doi: 10.3389/fpsyt.2018.00654

Check for
updates

The Representativeness of
Participants With Severe Mental
lliness in a Psychosocial Clinical Trial

John Lally 234, Rochelle Watkins', Sarah Nash', Hitesh Shetty®,
Poonam Gardner-Sood’, Shubulade Smith®7, Robin M. Murray ®° and Fiona Gaughran"°

" Department of Psychosis Studies, Institute of Psychiatry, Psychology & Neuroscience, King’s College London, London,
United Kingdom, 2 Department of Psychiatry, Royal College of Surgeons in Ireland, Beaumont Hospital, Dublin, Ireland,

3 Department of Psychiatry, School of Medicine and Medical Sciences, University College Dublin, Dublin, Ireland, * St
Vincent’s Hospital Fairview, Dublin, Ireland, ® Biomedical Research Centre (BRC) Case Register, South London and Maudsley
NHS Foundation Trust, London, United Kingdom, ° Department of Forensic and Neurodevelopmental Science, Institute of
Psychiatry, Psychology and Neuroscience, Kings College London, London, United Kingdom, ” Forensic Intensive Care
Service, South London and Maudsley NHS Foundation Trust, London, United Kingdom, ¢ National Psychosis Service, South
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Introduction: Cardiovascular morbidity and mortality are increased in severe mental
illnesses (SMI). Trials of psychosocial health interventions to improve physical health in
SMI, including in treatment-resistant schizophrenia, have shown some benefit. However,
the representativeness of participants in such trials has not been determined.

Method: We utilized an anonymised case register to determine if participants in a
randomized controlled trial (RCT) of a novel psychosocial health intervention aiming to
improve physical health in SMI had similar severity of illness to eligible non-participants.
A retrospective database analysis was performed, using Health of the Nation Outcome
Scale (HONOS) data from the sample of patients participating in the IMPaCT (Improving
Physical health and reducing substance use in Psychosis) RCT (n = 293) compared to
all eligible participants with a psychotic illness (n = 774).

Results: The mean total HONOS score in the eligible comparator population
(Mean =9.09, SD = 5.8, range = 0-30) was significantly greater than that of the IMPaCT
RCT participants (Mean = 7.16, SD = 4.7, range =0-26), (t = 3.810, p = 0.006), as was
the degree of overall iliness severity and functional impairment, as measured by HoNOS.

Conclusion: This study shows for the first time that the patient population participating
in an RCT of a lifestyle intervention for those with SMI had a better mental health status
at entry to the trial, than the total eligible population, although there was no difference
in physical health needs. This has relevance to the applicability of RCTs of lifestyle
interventions in service planning and suggests that when people are more unwell, greater
effort may be needed to include them in psychosocial interventions. A more careful and
focused recruitment approach should be followed to improve the participation of the
more severely ill patients in psychosocial interventions in order to enhance the external
validity of such studies.

Keywords: schizophrenia, psychosis, outcomes, cardiovascular, health promotion intervention
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INTRODUCTION

People with severe mental illness (SMI), such as schizophrenia,
schizoaffective disorder and bipolar affective disorder, have
reduced life expectancy compared to those in the general
population (1-3). Most of this excess mortality is due to physical
illnesses, with cardiovascular disease prominent (4, 5). Meta-
analyses have demonstrated that targeted behavioral and non-
specific psychosocial interventions can be beneficial in reducing
antipsychotic induced weight gain and improving metabolic
parameters (6-8). However, in order to determine the external
validity of these findings (i.e., the extent to which the results can
be generalized to clinical practice), we must determine how the
extent to which participants in such studies are representative of
people with SMI.

Similar concerns have been raised in relation to inclusion
criteria for RCTs investigating the efficacy of clozapine in
treatment resistant schizophrenia (TRS), where a broader range
of patients are included than those meeting strict criteria for
treatment resistance, with inclusion of treatment intolerant and
non-refractory cases (9, 10).

Although there are examples of studies that have followed
up non-randomized patients in clinical trials making it possible
to assess and describe the generalizability of the results (11),
few studies involving people with SMI have compared the
characteristics of participating and non-participating patients,
thus limiting the external validity of study findings. One difficulty
in doing so lies in the ethical challenges of obtaining clinical
data pertaining to individuals who have not consented to
participate in the study (12, 13). The generalisability and real
world translation of research in SMI is further limited by non-
participation which may be selective (13). For example, at the
more severe spectrum of mental illness, people may lack the
capacity to consent to research, reducing the representativeness
of research samples (14). Participation rates for studies in SMI
are thought to be low, although this has not been as widely
documented as the high dropout rates in this population (15).
A recent survey of a large representative sample of people with
psychotic disorders identified that 65% (n 773) of those
approached consented to participate in research, with older
people less likely to do so (16).

Obstacles to participation include illness severity (17-19),
fear of worsening of mental state due to participation (20),
and concerns about adverse treatment effects (21). Negative
symptomatology in patients with schizophrenia, with its inherent
poor motivation and communication difficulties, may further
reduce participation and limit the applicability of study findings
(13).

While there is extensive work aimed at improving the
participation of eligible patients (22) and identifying barriers
to patient participation in mental health research (23), little is
known about the clinical characteristics of non-participants. In
particular, no such data exists for studies of non-pharmacological
interventions to improve metabolic parameters in SMI, an
important gap in the evidence on which to plan services.

We set out to determine the clinical characteristics of patients
eligible to participate in the Improving Physical health and

reducing substance use in Psychosis (IMPaCT) randomized
controlled trial (RCT) (24) and compare these to the participating
group using the Health of the Nations Outcome Scale (HoNOS)
scores (25). We hypothesized that overall, individuals who were
eligible to participate in the RCT would be more severely ill
and functionally impaired as assessed by Health of the Nations
Outcome Scale (HoNOS) scores (25), compared to those who
agreed to participate.

MATERIALS AND METHODS

This current study is a secondary analysis of the Improving
Physical health and reducing substance use in Psychosis
(IMPaCT) cluster randomized controlled trial (RCT) (Trial
registration: ISRCTN58667926) (24, 26). The IMPaCT study is
a multicentre, two arm, parallel cluster randomized controlled
trial (RCT) of a psychosocial health promotion intervention
(IMPACT Therapy) in people with a diagnosis of SMI (24).
The patient-tailored IMPACT Therapy aimed to target one or
more health behaviors from a pre-defined list that includes
cannabis use; alcohol use; other substance use; cigarette
smoking; exercise; diet and diabetic control, prioritizing those
identified as problematic by the patient, taking a motivational
interviewing (MI) and cognitive behavioral therapy (CBT)
approach. Participants were permitted to start the community-
based IMPACT Therapy as soon as they were well-enough to
attend, even if they were in-patients, to mirror clinical practice
(24, 26).

The aim of this current study is to determine whether
participants in the IMPaCT RCT were representative of the target
population in respect of levels of illness severity and functional
impairment.

Setting

The South London and Maudsley NHS Foundation Trust (SLaM)
is one of the largest providers of secondary mental health care
in Europe. It provides mental healthcare across four London
boroughs (Croydon, Lambeth, Lewisham, and Southwark) to a
population of 1.2 million. Since 2006, electronic records have
been used across all SLAM services. Since 2008 the Case Register
Interactive Search (CRIS) system has been developed to allow for
the search and retrieval of anonymised electronic clinical records
of patient data (27). Over 250,000 cases are currently represented
on CRIS in the form of detailed anonymised clinical information
(28). The protocol for this case register has been described in an
open-access publication (27).

Participants and Recruitment

In the IMPaCT RCT, inclusiveness, care
coordinators from continuing care/recovery teams, community
rehabilitation, assertive outreach, and community forensic teams
were recruited in random order and the eligible patients of
consenting care co-ordinators likewise approached for inclusion
in the study in random order. The inclusion criteria for IMPaCT
service user participants were as follows: male or female aged
between 18 and 65 years old; community patients with a primary
diagnosis of a non-affective psychotic disorder (ICD10 diagnostic

to maximize
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criteria: F20.0-F29.0) or an affective psychotic disorder (F30-
33). Exclusion criteria included a primary diagnosis of learning
disability; a first episode of psychosis; serious physical illness
that could impact metabolic measures and substance misuse;
pregnant or up to 6 months post-partum; or receiving intensive
care for a medical or terminal condition.

In this present study, the comparator population comprised
the patients meeting the same inclusion criteria who were on the
overall caseload of each of the participating care coordinators.
The IMPaCT group were therefore a subset of the comparator
population.

Individuals on the comparator caseload were included
in the analysis if they had been assessed by a mental health
professional using the Health of the Nations Outcome
Scale (HoNOS) at least once in a time period of plus or
minus 6 months from the date of the recruitment of the
care coordinator to the IMPaCT RCT. If the individual had
required an acute psychiatric hospital admission during
that period they were excluded from the comparator
population. Further, if no HoNOS score was completed
in the 12 months study period, then the patient was
excluded.

Outcome Measures

The primary measure of interest was the total HONOS scale
score, as this was routinely collected clinically and so was
available in the pseudoanonymised clinical sample as well as the
research sample. We compared HoNOS in patients participating
in the IMPaCT RCT compared to that of all patients with SMI
in the caseload of their care coordinators. Sociodemographic
characteristics were not taken for comparison, as this would have
potentially identified study non-participants.

The HoNOS has 12 items and four sections measuring,
respectively: behaviors, impairments, symptoms, and social
functioning (25).

A total score from the 12 items gives a measure of illness
severity. Individual items and subscales in the 4 domains
can be analyzed to assess their relative contributions to
global functioning. Each item is measured on a 5-point
Likert scale where; 0 = no problem within the period rated,
1 = sub-threshold problem, 2 = mild but definitely present,
3 = moderately severe, and 4 = severe to very severe, making
48 the highest possible score on the HONOS (29).

Individuals in the total caseload who had a HoNOS score
assessed during the 12 months study period were included. In
the analysis we used the earliest HONOS completed closest to
the recruitment date of the relevant care coordinator to the RCT.
HoNOS scores for individuals who had a hospitalization or an
admission to a high intensity community support team [such
as a Home Treatment Team (HTT)] within 6 months before or
after the recruitment date were excluded to reduce the likelihood
of us merely demonstrating that a short-term deterioration in
mental state reduces participation in community-based trials. We
did not exclude participants in the IMPaCT study group who
were admitted to hospital or to a Home Treatment Team (HTT)
following recruitment to the trial, although trial recruitment
solely took place in the community.

The HoNOS scores of interest for this analysis were total
HoNOS scale scores, subscale scores and individual itemized
HoNOS scale scores. Items 9, 10, 11, and 12 in particular were
assessed as a measure of functional impairment.

The means of total HONOS scores from the overall care
coordinator caseload and IMPaCT RCT participants were
used as a proxy measure of global illness severity. Secondary
outcomes were the “functional impairment” HoNOS subscale,
which was composed of: item 9, “impairments in interpersonal
relationships” (such as social withdrawal); item 10- “impairments
in activities of daily living” (such as washing, dressing, mobility,
and use of transport); item 11- “deficits in the quality of
living conditions” (including absence of basic necessities such
as heat and light); and item 12- “impairments in occupational
functioning” (including the ability to engage in occupational and
recreational activities).

In the study, HONOS ratings were conducted by mental health
professionals directly involved in the care of patients care for
the IMPaCT non-participants and by clinical researchers for
the IMPaCT study participants. It was not possible to measure
interrater reliability for HONOS scores between the clinical staff
and the IMPaCT clinical researchers.

Statistical Analysis
For this analysis, a paired-samples t-test was used to compare:

1. total HONOS scores from the overall caseload data set and
from the IMPaCT RCT participant data set

2. HoNOS subscale scores (items 9, 10, 11, and 12) in the overall
caseload data set and the IMPaCT RCT participant data set

3. individual HoONOS item scores between the overall caseload
group and the IMPaCT RCT participants group.

The statistical package SPSS version 24 was used for the analyses
and all ¢-tests were two-tailed with statistical significance set at an
alpha level of p < 0.05.

RESULTS

The IMPaCT RCT recruited 293 eligible participants from within
SLaM, who were on the caseload of 68 care coordinators. In
this present study, using CRIS, we identified on the overall
caseload of each of the 68 eligible care coordinators, a total
comparator population comprising 1,109 patients who met the
inclusion criteria, including having a primary diagnosis of a
psychotic disorder. Of these 1,109 patients, 19 were excluded due
to incomplete HONOS scoring in the 12 month period from the
time of the RCT recruitment, giving a HONOS completion rate
of 98.3%, and leaving a total of 1,090 in the comparator group.
A further 316 (21.7% of those with a psychotic disorder) were
excluded having had a hospitalization or admission to a HTT
over the study period, leaving 774 patients in the comparator
group for analysis.

The mean total HONOS score in the target population
(n = 774) (Mean = 9.09, SD = 5.8, range 0-30) was
significantly greater than the mean total HONOS score for the
IMPaCT RCT participating group (n = 293) (Mean = 7.16,
SD = 4.7, range =0-26), (t = 3.810, p < 0.001). Comparison
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TABLE 1 | Comparison of Mean HoNOS item scores between total caseload and RCT participants.

HoNOS scale item Mean HoNOS item scores for Mean HoNOS item Mean difference (SD) T-test; p
Comparator group (n = 293) scores for IMPaCT between total caseload and
group (n = 774) IMPaCT participants

Overactivity and aggression 0.49 0.33 0.16 (0.07) 2.284; 0.023*
Non-Accidental self-injury 0.10 0.09 0.01 (0.04) 0.262; 0.794
Problem drinking or drug-taking 0.32 0.33 —0.005 (0.07) —0.070; 0.945
Cognitive problems 0.74 0.53 0.215(0.08) 2.855; 0.005*
Physical illness or disability problems 0.92 0.78 0.14 (0.01) —1.280; 0.201
Hallucinations and delusions 1.22 1.06 0.17 (0.11) —1.134; 0.258
Depressed mood 0.72 0.71 —0.10 (0.08) 1.469; 0.143
Other symptoms (not delusions or hallucinations) 1.25 0.95 0.29 (0.10) —2.787; 0.006*
Problems with relationships 1.08 0.78 0.30 (0.09) —3.388; 0.001*
Problems with Activities of daily living 1.07 0.74 0.34 (0.10) —3.041; 0.001*
Problems with living conditions 0.74 0.45 0.14 (0.08) 4.225; 0.003*
Problems with occupation and activities 0.75 0.60 0.16(0.10) —1.641; 0.102
Total HONOS caseload-Total HONOS IMPaCT 9.09 7.16 1.98 (0.51) 3.810; 0.001*
HoNOS functional impairment (items 9,10,11, and 3.35 2.41 0.94 (0.24) 3.945; 0.001*

12) caseload-HoNOS functional impairment IMPaCT

"0 < 0.05.

of the individual HONOS item scores between those participating
in the RCT and those on the care coordinators total caseload is
shown in Table 1.

There were significantly increased scores for HONOS item
1 (overactive, aggressive, or agitated behavior regardless of
cause), item 4 (cognitive problems), item 8 (symptoms due to
other mental or behavioral problems), item 9 (problems with
relationships), item 10 (problems with activities of daily living),
and item 11 (problems with living conditions) in the comparator
group when compared to the IMPaCT participants (see Table 1).
There was no significant difference in the HoNOS scores on
the physical health item between the comparator group and the
IMPaCT study group [Mean difference (MD) =0.24; t = 1.408,
p=0.161].

There was a significant increase in the HoONOS subgroup score
for items 9,10,11, and 12 in the comparator group [mean HoNOS
score for items 9,10,11, and 12 = 3.35 (SD = 2.6)] compared to
the IMPaCT group [mean HoNOS score for items 9,10,11, and
12 = 2.41 (SD = 2.3) (t = 3.945, p < 0.001]. This indicates that
the comparator group were more functionally impaired than the
IMPaCT study participants. The frequency of responses to each
of the HONOS items by group is shown in Table 2.

DISCUSSION

To the best our knowledge, this is the first time that comparative
levels of illness severity and functional impairment in a large,
eligible non-participating group, and participating sample of a
psychosocial health intervention RCT in SMI have been explored.
This study demonstrates that both illness severity and functional
impairment were increased in the non-participating population
compared to the participating group. The overall health status
was better in the study population, and the less severely ill
patients were recruited to this trial.

Of interest, the levels of physical health problems were similar
between both groups. This is relevant, as the IMPaCT trial
intervention was designed to effect physical health improvements
in the study population. The comparability between physical
health impairment in both groups suggests that this did not
drive participation selection bias, as would have been indicated
by either increased severity of physical illness in the non-
participating comparator group or indeed, by people with more
physical health problems electing to participate. Instead, it
appears there was an equivalent physical health need, but that
other factors accounted for the difference in uptake of the
research opportunity.

Limitations of this study need to be considered. It was not
possible to assess for the effect of gender, age, ethnicity, and
duration of illness of the participating and non-participating
patient populations. Our inability to investigate factors that
may be predictive of non-trial participation is a limitation,
information that would be informative to improve the design
of future RCTs. Studies have indicated that older age (16,
23) and ethnicity (30), specifically black ethnicity (16), are
barriers to recruitment in mental health studies, factors which
may be related to illness severity. Clinical data that may have
impacted on study involvement, such as duration of illness
and number of psychiatric hospitalizations, were not available
in the pseudoanonymised comparator sample. However, the
two study populations were comparable on clinical symptoms
such as hallucinations/delusions, and depression, indicating that
active symptoms of mental illness were not impacting on the
participation rates between the groups. Data were obtained
retrospectively, which may limit the generalisability of the
findings. However, the recruitment of a patient population for
a prospective study would be difficult, and the method used
has enabled us to for the first time compare these groups in a
behavioral intervention in SMI.
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TABLE 2 | Cohort characteristics itemized by HONOS scale items.

TABLE 2 | Continued

HoNOS items Total caseload IMPaCT participants HoNOS items Total caseload IMPaCT participants
(n = 776) (n = 293) (n = 776) (n = 293)
N = (%) N = (%) N = (%) N = (%)
OVERACTIVITY AND AGGRESSION PROBLEMS WITH LIVING CONDITIONS
Not a problem 539 (70) 223 (76) Not a problem 545 (71) 221 (75)
Subclinical, minor problems requiring 153 (20) 53 (18) Subclinical, minor problems requiring 131 (17) 53 (18)
no action no action
Mild to very severe problem 84 (10) 23 (6) Mild to very severe problem 97 (12) 19(7)
NON-ACCIDENTAL SELF-INJURY PROBLEMS WITH OCCUPATION AND ACTIVITIES
Not a problem 721 (93) 268 (91) Not a problem 396 (51) 191 (65)
Subclinical, minor problems requiring 46 (6) 26 (8.7) Subclinical, minor problems requiring 193 (25) 55 (19)
no action no action
Mild to very severe problem 9(1) 1(0.3) Mild to very severe problem 183 (24) 48 (16)
PROBLEM DRINKING OR DRUG-TAKING
Not a problem 585 (76) 223 (76)
Subclinical, minor problems requiring 111 (14) 44 (15) In the analysis, we used only a single HONOS score based
no action on the first HONOS assessment in the relevant study period.
Mild to very severe problem 79 (10) 28(9) This precludes a more encompassing assessment of fluctuating
COGNITIVE PROBLEMS symptom profiles over time. The use of the HONOS provides a
Not a problem 416 (54) 166 (56) behavioral assessment of functioning at the level of individual
Subclinical, minor problems requiring 239 (31) 100 (34) items, but does not allow for assessment of discrepancies between
no action behavior and inner experience. It may be that in a population of
Mild to very severe problem 121 (15) 29 (10) individuals with SMI that the significantly increased functional
PHYSICAL ILLNESS OR DISABILITY PROBLEMS impairment in the inclusive comparator group is related to
Not a problem 357 (46) 155 (52) negative symptomatology (31, 32), but this is something that we
Subclinical, minor problems requiring 192 (25) 64 (22) were not able to assess.
no action In this study, HONOS scores measured by care coordinators
Mild to very severe problem 227 (29) 76 (26) for the comparator population were compared with those
HALLUCINATIONS AND DELUSIONS measured by the IMPaCT RCT researchers. HONOS is reported
Not a problem 314 (41) 127 (43) to show a moderate inter-rater reliability, but this is improved
Subclinical, minor problems requiring 171 (22) 47 (16) with training in HONOS completion (33). Both care coordinators
no action and researchers in the IMPaCT RCT study were trained in the
Mild to very severe problem 290 (37) 121 (41) use of the HONOS, with the expectation that this would support
DEPRESSED MOOD inter-rater reliability.
Not a problem 394 (51) 147 (50) Strengths of this study include the size and comprehensiveness
Subdlinical, minor problems requiring 264 (34) 96 (33) of the sample. We were able to access the clinical records
no action of over 1,000 community dwelling individuals with psychotic
Mild to very severe problem 118 (15) 52 (17) disorders. We looked at data specifically relating to individuals
OTHER SYMPTOMS with SMI living in the community and purposefully excluded
Not a problem 94 (24) 124 (42) those who were hospitalized over the study period. This aids the
Subclinical, minor problems requiring 291 (38) 73 (25) applicability of our study findings to ambulatory research and
no action enhances the generalisability of the study findings. Due to the
Mild to very severe problem 90 (38) 08 (33) comprehensiveness of the search tool, we were able to identify a
PROBLEMS WITH RELATIONSHIPS patient population that reflects the characteristics of patients seen
Not a problem 79 (36) 136 (46) in standard clinical practice thus further enhancing the validity of
Subclinical, minor problems requiring 266 (35) 89 (30) our findings.
no action An additional important finding in this study was the
Mild to very severe problem 237 (29) 70 (24) high rate of HONOS completion in the sample of community
PROBLEMS WITH ACTIVITIES OF DAILY LIVING dwelling patients with SMI (98% completion rate). This ﬁnding
Not a problem 338 (44) 161 (55) demonstrates the clinical utility of the HoONOS and a high level
Subclinical, minor problems requiring 176 (23) 69 (23) of acceptability for its use in community mental health settings,
no action although this was likely enhanced in UK practice by HoNOS
Mild to very severe problem 261 (33) 65 (22) measures being used for funding models. These findings are
however mirrored in other community samples, such as in
(Continued) ~ New Zealand where high completion rates of the HoNOS are
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documented, more so than in inpatient settings (95 and 79%
respectively) (34).

The greater illness severity in the comparator group as
compared to the participating group is unlikely to be a result of
the recruitment and randomization method in the IMPaCT RCT.
An important recruitment factor in the IMPaCT RCT was the use
of relatively wide inclusion criteria, including dual diagnosis, and
complex patients.

We cannot tell from these data whether the more ill patients
would have participated in the psychosocial health promotion
intervention were it not part of a clinical trial. If research itself
were the barrier, it raises questions as to whether published
research into psychosocial interventions for physical health
is applicable to the patients with the greatest impairment
in health and social functioning. This mirrors more broad
concerns regarding the representativeness of RCTs of treatment
interventions in SMI, and how this impacts on translation to real
world clinical practice. Observational data can help in this regard.
Clinical implementation trials for physical health problems in
SMI are required (35), which may be pragmatic large scale trials
to ensure broad inclusion criteria, heterogeneous populations
and assessment of the real world effectiveness of psychosocial
interventions for physical health (36). There remains limited
data on what factors predict entry to psychosocial intervention
trials in SMI. An increased awareness of this may aid increased
knowledge of when medication based and/or psychosocial
interventions are preferable to psychosocial interventions alone.

Our findings have implications for future RCTs of
psychosocial intervention in SMI. The study finding that
individuals with greater functional impairment are less likely
to participate in RCTs should lead to focused interventions
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Metabolic Research, University of Copenhagen, Copenhagen, Denmark

Background: Low bone mineral density (BMD) may constitute an underestimated
comorbidity in schizophrenia patients undergoing long-term antipsychotic treatment.
Glucagon-like peptide 1 (GLP-1) receptor agonists are antidiabetic drugs, which may
also affect bone turnover.

Methods: In planned secondary analyses of a 3 months, double-blind, randomized,
placebo-controlled trial (n = 45), we explored effects of the GLP-1 receptor agonist
exenatide 2 mg once-weekly (n = 23), or placebo (n = 22) on bone turnover markers
(BTMs) and BMD in chronic, obese, antipsychotic-treated patients with schizophrenia
spectrum disorder. Baseline BTMs were compared to sex- and age-adjusted reference
values from a Danish population cohort, and 7- and Z-scores were calculated for BMD.

Results: In women (n = 24), all baseline BTM measurements of procollagen type |
N-terminal propeptide (PINP) and C-terminal cross-linking telopeptide of type | collagen
(CTX) were within reference values. In men (n = 21), 5% displayed lower PINP and 14%
displayed lower CTX. One patient displayed BMD Z-score < —2, and 23% of patients
(17% of women and 29% of men) displayed —2.5< T-scores <—1 indicating osteopenia,
but none had osteoporosis. After treatment, PINP decreased at trend level significance
(P = 0.05), and body mass index BMD increased for L.2—-L.4 (P = 0.016). No changes in
bone markers were significant after correction for mean prolactin levels.
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Conclusions: Sex- and age-adjusted measures of bone status in chronic, obese,
antipsychotic-treated patients appeared comparable to the reference population. Subtle
changes in bone markers during 3 months exenatide treatment may suggest beneficial
effects of GLP-1 receptor agonists on bone status in antipsychotic-treated patients, and
further studies should consider the potential influence of prolactin.

Keywords: exenatide, procollagen type | N-terminal propeptide (PINP), C-terminal cross-linking telopeptide of type
I collagen (CTX), bone mineral density, randomized controlled trial

INTRODUCTION

Antipsychotic medication is the mainstay of treatment of
schizophrenia and other psychotic disorders (1). The drug class
is generally effective in treating psychotic symptoms, however
around 30% of schizophrenia patients do not respond sufficiently
(2). Antipsychotics are widely associated with undesirable effects
such as extrapyramidal symptoms and dysmetabolism (3, 4), but
more recently, osteoporosis and increased risk of bone fractures
have also been linked to antipsychotic treatment (3).

Although studies have not consistently reported associations
between bone mineral density (BMD) and prolactin levels
in antipsychotic-treated patients (5), antipsychotic-induced
hyperprolactinaemia has been suggested a causal factor
underlying osteoporosis (6). BMD is commonly assessed by dual-
energy X-ray absorptiometry (DXA). According to WHO criteria
T-scores are used as thresholds for osteopenia and osteoporosis.
Osteopenia is defined as 1 to 2.5 standard deviations (SD) or
more below the average value for young healthy subjects of the
same sex (—1> T-score >—2.5), and osteoporosis is defined
as a T-score below —2.5 (T-score <—2.5) (7). Besides T-scores,
DXA enables calculation of a Z-score, which is a comparison
of bone density with a healthy population of the same age and
same sex. The reference range for Z-scores is £2. In addition
to BMD measurements of bone mass, circulating bone turnover
markers (BTMs) can be used to evaluate changes in bone
formation and resorption. International consensus guidelines
recommend assessment of two BTMs: procollagen type I N-
terminal propeptide (PINP) (produced by osteoblasts during
bone formation), and C-terminal cross-linking telopeptide of
type I collagen (CTX) (released by osteoclasts during bone
resorption) (8, 9).

Glucagon-like peptide 1 (GLP-1) receptor agonists are known
to induce positive effects on metabolism (10), but the drugs
might also affect bone turnover. Animal models have indicated
positive effects of the GLP-1 receptor agonists exendin-4 and
liraglutide on bone metabolism (11-13). These findings have
motivated translational efforts aiming to investigate the potential
benefits of GLP-1 receptor agonists on bone status in humans.
Treatment with liraglutide has been shown to increase bone
formation in body weight-reduced obese women when compared
to placebo (14). Conversely, studies of type 2 diabetes patients
have indicated that GLP-1 receptor agonists have no effect on
bone metabolism or fracture risk (15, 16).

The current study comprises planned secondary analyses of
the “TAO study”: Treatment of antipsychotic-associated obesity

with a GLP-1 receptor agonist (17-20). The TAO study was
an investigator-initiated, double-blind, randomized, placebo-
controlled trial, investigating the effects of 3 months treatment
with the GLP-1 receptor agonist exenatide 2 mg once-weekly in
chronic obese, antipsychotic-treated patients with schizophrenia
spectrum disorder. First we compared baseline BTMs with the
Danish Health 2006 study cohort as reference population (21),
and we calculated BMD T- and Z-scores. Next, we compared
baseline PINP, CTX and BMD with end-of-trial measures aiming
to unravel potential beneficial effects of exenatide on BTMs and
BMDs.

METHODS

Details of the “TAO study” have previously been reported (17—
20). Below, key methodology, experimental procedures and
analyses are outlined.

Study Population and Procedures

Inclusion criteria included clinically stable schizophrenia
spectrum patients (ICD-10 diagnoses F20.x and F25x);
treatment with minimum one antipsychotic drug; age 18
to 65 years; obesity (BMI > 30 kg/m?). Exclusion criteria
included substance dependence, diabetes (any type), severe
somatic disease, pregnancy and breastfeeding. Patients were
randomized to either receive injections of 2mg exenatide
once-weekly (Bydureon®, AstraZeneca AB, Sodertilje, Sweden)
or placebo. We used the solvent from the Bydureon® kit as
placebo. Unblinded trial staff otherwise not involved in the
study performed the subcutaneous injections of exenatide or
placebo ensuring 100% medication adherence. Both groups were
assessed with biochemical analyses and DXA measurements at
trial initiation and after 3 months (12-16 weeks) (17).

Biochemical Analyses

All biochemical analyses were performed at the Department
of Clinical Biochemistry, Rigshospitalet, Copenhagen, Denmark.
Since CTX (8) and prolactin (22) are influenced by diurnal
variations, all blood samples were collected in the morning before
food intake (fasting >8h).

Bone Mineral Density

Patients underwent DXA examinations on a Lunar Prodigy
whole-body scanner (GE Medical Systems, Madison, Wisconsin,
USA). As input for statistical analyses, we calculated averages
of the left and right femoral neck measurements and the left
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and right total femur measurements. T-score and Z-score were
not calculated for patients below 20 years of age. Likewise,
we calculated standardized BMD values from the raw data as
described by Fan et al. (23).

Statistical Analyses

To enable comparison with the sex and age intervals obtained
from the background population cohort (21), we split patients
into men and women and compared baseline levels of PINP,
CTX, and BMD for each group and age interval, separately.
Baseline demographic and clinical variables were tested with
independent ¢-tests for continuous data, and x 2-test for nominal
data. Non-normally distributed BTM and BMD values were
transformed by logarithm or square root to achieve normal
distribution. All outcomes were initially analyzed without
covariates by two-way repeated measures ANOVA. Next,
analyses were repeated with mean prolactin level [(baseline +
follow-up)/2] as a covariate to evaluate the potential effect of
prolactin. We a priori decided to repeat analyses after excluding
patients with baseline values, which could indicate pre-study
disturbance of bone metabolism (vitamin D < 30 nmol/L and/or
parathyroid hormone (PTH) >7.63 pmol/L) (24). IBM SPSS
Statistics Version 22 (IBM Corp. for Windows, Armonk, NY) was
used for statistical analyses. The significance level was set to 0.05,
and all tests were two-tailed.

RESULTS

Demographic and Clinical Data

In total, 45 patients were included in the baseline analyses.
Twenty patients in the exenatide-treated group and 20
patients in the placebo-treated group completed the trial
(Supplementary Figure 1). At baseline we found no significant
group differences in age, sex, ethnicity, illness duration,
education, body weight, BMI, diagnosis or antipsychotic
medication. However, we found a higher proportion
(p 0.02) of current smokers in the exenatide group
(Supplementary Table 1). After 3 months of exenatide or
placebo treatment patients lost 2.3kg with no significant
difference between groups (18, 20).

Comparison of Baseline Bone Turnover

Markers to Reference Values

PINP and CTX concentrations were within the age-adjusted
reference range (21) for all women (24 of 24). One of 21 male
patients (5%) had lower PINP, and three male patients (14%) had
lower CTX levels than the corresponding age-adjusted reference
range (Figure 1A).

Comparison of Baseline Bone Mineral

Density to Reference Values

One hundred and fourteen (86%) out of the total 132 DXA
measurements corresponded to Z-scores between =+2. One
patient had a Z-score (L2-14) < —2. In both the L2-1L4 and
the total femur measurements five patients (11%) had Z-scores
above 2, whereas in the femoral neck BMD measurement four
patients (9%) had Z-scores above 2 (Figure 1B). Ten patients
(23%), [4 women (17%), and 6 men (29%)] had T-scores < —1

indicating osteopenia. No patients had osteoporosis (T-scores
<-—2.5) (Figure 1B).

Effect of Exenatide on Biomarkers of Bone
Turnover and Bone Mineral Density

After 3 months we observed numerical reductions in levels of
both PINP and CTX in the exenatide-treated group, whereas the
levels in the placebo-treated group numerically increased. For
PINP, we found a time x group interaction (i.e., a treatment
effect) at trend-level significance (p = 0.05), however, when
prolactin was included as a covariate this trend-level observation
was no longer present. For CTX, we observed no significant
interactions. Apart from a trend-level increase in osteocalcin over
time in both groups, analyses on other bone-related biomarkers
were non-significant (Table 1).

Analyses of BMD data (Table 1) revealed a significant time x
group interaction (p = 0.016) in the L2-14, indicating higher
BMD after exenatide treatment and lower BMD after placebo.
After correction for the mean prolactin level, this interaction
was only significant at trend-level (p = 0.057). The remaining
analyses of BMD were not significant.

Exclusion of four patients with suspected pre-study
disturbance of bone metabolism did not change the significance
levels of the above results.

DISCUSSION

The current analyses of bone status in chronic, obese, non-
diabetic, antipsychotic-treated schizophrenia spectrum patients
indicated that most patients had BTMs, i.e., PINP and CTX levels
within the reference ranges obtained from a Danish background
population (21). On the contrary, our BMD measurements
indicated that 23% of patients had osteopenia. However, in men
younger than 50 years of age and premenopausal women, T-
scores are typically not used for BMD (25), rather Z-scores are
preferred. Nevertheless, a meta-analysis of prevalence of low
bone mass in schizophrenia patients reported an even higher
prevalence of osteopenia which was present in both patients
and controls (around 40%) (26). This could be explained by the
fact that the patients included in our trial were markedly obese
(mean BMI 38.8 kg/m?), and obesity is generally associated with
increased BMD. Paradoxically, obesity has also been associated
with an increase in fracture risk (27). Hence, the seemingly
unaffected BMD observed in our patient sample may still render
the patients at an increased risk of fractures, but the association
between BMI and fracture risk is complex (28), and fracture risk
was beyond what could be assessed from the current data.

The mean age of our patients was 35.8 years, and with one
exception, all sex and age-adjusted BMD Z-score measurements
were within the normal range. In fact, five patients (12%) had
Z-scores above 2 in L2-L4 and total femur measurements,
and four patients (9%) had Z-scores above 2 in the femoral
neck BMD measurement (Figure 1B). Therefore, in contrast to
our expectations, the current comparative baseline analyses do
not lend overall support to the emerging concern of markedly
compromised bone status in chronic schizophrenia patients. As
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FIGURE 1 | Comparison of bone turnover markers and bone mineral density in the study cohort with the background population. (A) Procollagen type | N-terminal
propeptide (PINP) and C-terminal cross-linking telopeptide of type | collagen (CTX) levels in the study cohort with reference ranges obtained from the background
population (21). Geometric means for the reference intervals are plotted. (B) Bone mineral density values of the lumbar spine L2-L4, left and right femoral neck, as well
as left and right total femur (acquired using CORE software [version 14.1]). Age is plotted against Z-scores (average values for a healthy population of the same age
and same sex) (left panel) and T-scores (average values for young healthy subjects of the same sex) (right panel). In the plot of Z-scores, £2 standard deviations are
presented. In the plot of T-scores, the cutoffs for osteopenia and osteoporosis are presented (T-score = —1 SD and T-score = —2.5 SD).
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TABLE 1 | Effect of exenatide and placebo on biomarkers related to bone metabolism and on bone mineral density.

Blood marker Exenatide Placebo Time Group Time x Group Time x Group
(n=20) (n =20) p-value p-value p-value p-value
Mean + SD [Range] Mean + SD [Range] (No covariance) (Prolactin
covariance)
C-terminal cross-linking telopeptide of type |
collagen (ng/L) $
Baseline 409.0 + 229.6 475.5 + 265.7 0.93 0.19 0.15 0.25
[170-1160] [30-950]
End of trial 357.0+171.9 514.5 £ 2925
[80-780] [60-1420]
Procollagen type | N-terminal propeptide
(hg/L)
Baseline 49.3 +23.0 52.4 +24.9 0.52 0.27 0.05 0.39
[18.5-128.4] [2.0-97.7]
End of trial 46.1 +20.5 58.7 + 24.4
[17.2-104.3] [29.2-111.9]
Bone-specific alkaline phosphatase (g/L)
Baseline 20.9+83 2224103 0.65 0.55 0.61 0.26
[11.3-47.1] [8.2-50.8]
End of trial 208+7.3 228+9.7
[11.3-37.5] [8.7-48.6]
Osteocalcin (ng/L) § 0.05 0.28 0.71 0.40
Baseline 143+7.6 16.1 £ 8.0
[2.0-37.7] [6.2-39.0]
End of trial 16.4+5.9 178+ 85
[8.0-33.5] [8.7-42.4]
Osteocalcin/CTX ratio § 0.28 0.86 0.11 0.24
Baseline 40.3 £21.1 51.5+52.4
[4.3-96.5] [19.2-256.7]
End of trial 54.14+39.2 47.0 +£40.7
[18.7-176.7] [14.6-188.3]
Parathyroid hormone (pmol/L) $
Baseline 4.30 + 3.30 4.15+1.90 0.32 0.75 0.30 0.31
[1.0-14.7] [1.1-10.8]#
End of trial 3.71+1.88 4.08 £+ 1.81
[1.1-9.6}# [1.5-9.3]#
Prolactin (mlU/L) § -
Baseline 369.6 + 397.3 435.3 +434.9 0.11 0.74 0.42
[24.1-1484.0] [34.2-1614.0]
End of trial 357.7 & 404.0 372.8 + 393.7
[20.9-1416.0] [30.4-1502.0]
Vitamin D (nmol/L)
Baseline 62.9 + 33.8 70.4 + 33.6 0.14 0.59 0.51 0.67
[8.0-126.0] [14.2-130.0]
End of trial 69.0 £ 37.7 728 +£31.3
[16.2-135.0] [17.0-136.0]
Dual-energy X-ray Exenatide Placebo Time Group Time x Group Time x Group
absorptiometry—Bone mineral density (n =20) (n=19) p-value p-value p-value p-value
(g/cm2) Mean + SD [Range] Mean + SD [Range] (No covariance) (Prolactin
covariance)
L2-L4
Baseline 1.23 £0.19 1.13+0.16 0.576 0.055 0.016* 0.057
[0.90-1.68] [0.92-1.49]
End of trial 1.24 £0.19 1.12+0.16
[0.93-1.67] [0.88-1.48]
Femoral neck
Baseline 1.056+0.13 1.00 + 0.10 0.125 0.223 0.576 0.720
[0.82-1.28] [0.80-1.21]
End of trial 1.04 +£0.13 1.00 £ 0.10
[0.76-1.26] [0.82-1.16]
Total femur
Baseline 112 +£0.12 1.08 + 0.11 0.976 0.212 0.419 0.070
[0.90-1.38] [0.90-1.35]
End of trial 113+ 0.11 1.08 £ 0.11
[0.89-1.40] [0.90-1.35]

Bone mineral density was measured with dual-energy X-ray absorptiometry scanning. All outcomes were initially analyzed without covariates by two-way repeated measures ANOVA,
where the between-subject factor, i.e. exenatide vs placebo, was denoted “Group,” and the within-subject factor between time points was denoted “Time.” A significant “Time x Group
interaction” would indicate a difference in response between the two treatment groups. Results from ANOVA/ANCOVA are corrected for age and sex. P-values are rounded to two
decimals and significant p-values are shown with an asterisk (*). The table is based on data from patients, who completed the trial.

# One observation missing. $ Square root-transformed to obtain normal distribution. § Natural logarithm-transformed to obtain normal distribution. Alkaline phosphatase and parathyroid
hormone (PTH) were measured on the Vitros 5.1FS or the Vitros 5600 chemistry analyzer (Ortho Clinical Diagnostics, Raritan, NJ, USA) and total 25-hydroxycholecalciferol (vitamin D)
was measured on the Cobas e411 analyzer (Roche Diagnostics, Rotkreuz, Switzerland). All three assays are electro-chemiluminescence binding assays. Prolactin was measured using
an immunofluorimetric assay on the BRAHMS Kryptor Compact Plus analyzer (Thermo Scientific, Hennigsdorf, Germany). Plasma PINF, plasma CTX, plasma osteocalcin, and serum
bone-specific alkaline phosphatase were measured with chemiluminescence immunoassays using the automated analyzer, iSYS (Immunodiagnostic Systems plc, Tyne and Wear, UK)
according to the manufacturer’s instructions.
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noted above the presence of marked obesity may partly explain
these findings.

We observed that treatment with exenatide resulted in a
trend-level reduction in PINP, and a significant increase in the
BMD measurement of L2-L4. The reduction in PINP in the
exenatide-treated group contrasts a previously reported increase
of PINP in obese women, who experienced a 12% body weight
reduction after 12 months of liraglutide treatment (14). In our
3 months study, patients experienced a weight loss of 2.3kg
corresponding to a subtle reduction in body weight of around
2%. Based on these placebo-controlled studies it could appear
that GLP-1 receptor agonists may affect PINP, however, the
directionality of this change may be influenced by antipsychotic
exposure or by concurrent changes in body weight. Additionally,
the two GLP-1 receptor agonists liraglutide and exenatide may
also affect levels of PINP differently.

Finally, in our study the potential effect of exenatide on bone
markers did not remain significant after correction for mean
prolactin levels. The limited sample size and large variability
in prolactin level render the impact of this finding unclear.
Although a previous study did not find correlation between
prolactin levels and BMD measures (5), modulation of the
dopamine system by GLP-1 receptor agonism has previously
been suggested (29). Nevertheless, our current observation of a
potential interplay between prolactin levels and effect of GLP-1
receptor agonists, suggests that correction for prolactin in future
studies of antipsychotic-treated patients should be considered.

The current study has some limitations. The 3 months
study period, and the relatively young (with respect to bone
status), and non-diabetic sample compromise the inferences
which can be drawn from the present data. Firstly, our
patients and the population cohort were not matched on BMI
(30). Moreover, we intentionally included a naturalistic trial
population (18), which is reflected in the broad medication
profiles (Supplementary Table 1). To this end, individual
antipsychotic compounds may affect prolactin levels (22, 31, 32),
and bone status differentially, but the current data did not allow
for separating effects of specific antipsychotics. Finally, patients
were not instructed to keep their level of physical activity stable
and refrain from taking vitamin D supplements during the trial,
and we were therefore unable to control for these potential
confounders.

In conclusion, these planned secondary analyses of the TAO
study showed that sex and age-adjusted measures of bone status
were comparable to the Danish reference population. Subtle
changes in bone markers over a 3 months treatment course
with the GLP-1 receptor agonist exenatide may suggest beneficial
effects of GLP-1 on bone status in antipsychotic-treated, obese
patients, which may relate to GLP-1-induced changes in prolactin
levels.
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Schizophrenia is composed of a heterogeneous group of patient segments. Our current
notion of the heterogeneity in schizophrenia is based on patients presenting with diverse
disease symptom phenotypes, risk factors, structural and functional neuropathology,
and a mixed range of expressed response to treatment. It is important for clinicians to
recognize the various clinical presentations of resistance to treatment in schizophrenia
and to understand how heterogeneity across treatment resistant patient segments may
potentially inform new strategies for the development of effective treatments for Treatment
Resistant Schizophrenia (TRS). The heterogeneity of schizophrenia may be reduced
by parsing patient segments based on whether patients demonstrate an adequate
or inadequate response to treatment. In our current concept of TRS, TRS is defined
as non-response to at least two adequate trials of antipsychotic medication and is
estimated to affect about 30% of all patients with schizophrenia. In this narrative review,
the author discusses that the demonstration of inadequate response to antipsychotic
drugs (APDs) may infer that some TRS patients may be suffering from a non-dopamine
pathophysiology since D2 receptor antagonist-based treatment is ineffective. Preliminary
neurobiological findings may further support the pathophysiologic distinction of TRS
from that of general schizophrenia. Investigation of the basis for heterogeneity in TRS
through the systematic investigation of relevant “clusters” of similarly at risk individuals
may hopefully bring us closer to realize a precision medicine approach for developing
effective therapies for TRS patient segments.

Keywords: schizophrenia, antipsychotic drug, treatment resistant, clozapine, dopamine, first-episode
schizophrenia (FES), magnetic resonance spectroscopy (MRS), positron emission tomography-PET

Schizophrenia is composed of a heterogeneous group of patient segments. This heterogeneity has
been long recognized. In Bleulers treatise on schizophrenia, The Group of Schizophrenias, he writes
of the heterogeneity of symptoms, for example primary, secondary or accessory, as well as of the
heterogeneity of outcomes; good, fair, and poor (1). Our current notion of the heterogeneity in
schizophrenia is similarly based on patients presenting with diverse phenotypes characterized by
differing symptoms and signs of illness as well as life course, multiple risk factors leading to disease
including a complex genetic loading, a broad spectrum of neurobiological features suggesting a
pathophysiology of structure and function that is not necessarily shared by all patients, and a mixed
range of expressed response to treatment.
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FIGURE 1 | Heterogeneity in the trajectory of response to APD treatment over
the iliness course of schizophrenia. This schematic drawing illustrates that
some patient segments may demonstrate APD responsiveness throughout
their iliness, others demonstrate resistance to treatment only after an initial
period of treatment responsiveness, and others still may be found to respond
poorly to APD treatment since their first episode of psychosis.

Heterogeneity in response to antipsychotic drug (APD)
treatment is seen across the course of schizophrenia. Some
patient segments demonstrate APD responsiveness throughout
their illness, others demonstrate resistance to treatment only after
many years, or only a few years, of treatment responsiveness.
Others still may be found to respond poorly to APD treatment
since their first episode of psychosis (Figure 1). It is important
for clinicians to recognize the various clinical presentations of
resistance to treatment in schizophrenia and to understand how
heterogeneity across treatment resistant patient segments may
potentially inform new strategies for the development of effective
treatments for TRS. In addition, it is crucial for clinicians to
rule-out “pseudo-TRS” due to inadequacy of APD exposure
from either poor adherence (2), under-dosing, ultrarapid drug
metabolism (3), or limited length of treatment duration (4).

The heterogeneity of schizophrenia may be reduced by
bifurcating patient segments based on whether patients
demonstrate an adequate or inadequate response to treatment.
In our current concept of TRS, TRS is defined as non-response to
at least two adequate trials of antipsychotic medication (4). TRS
is estimated to affect about 30% of all patients with schizophrenia
(5). As presently defined, TRS reflects the persistence of
prominent positive, psychotic symptoms. Other non-psychotic-
symptom dominant TRS groups may, possibly, also be identified
IF we had efficacious treatments for, e.g., negative symptoms,
cognitive impairment, or social and vocational dysfunction. TRS
infers resistance to dopamine D2 receptor (DAD2R) antagonism
(through APD treatment) in relevant central nervous system
(CNS) loci which may mediate symptomatic resistance. The
specificity of resistance to D2 receptor antagonism to explaining
TRS, though compelling, is tentative in view of clozapine, the
only APD indicated to treat TRS, still does possess D2 receptor
antagonism, though weak, as demonstrated by low in vivo
human D2 striatal receptor occupancy [61%; (6)].

Are patients with TRS different from treatment responsive
patients? Does this distinction reduce some of the heterogeneity

in schizophrenia by “carving schizophrenia at a joint?”
Unfortunately, much heterogeneity remains in TRS even after
parsing it out from general schizophrenia. This persistent
heterogeneity is based in part due to TRS patients demonstrating
diversity in:

e Factors associated with poor response to treatment

e Onset of TRS in their disease course

e Response to clozapine (CLZ), the only approved treatment for
TRS

e Inconsistent manner in which TRS has been defined across
clinical research studies to date (4)

e Dominant symptom domains (e.g.,
cognitive) that are resistant to treatment.

positive, negative,

Somewhat opposing views may consider TRS as a disease
category distinct from general schizophrenia or perhaps rather
as an outlier on a continuum of disease outcome severity,
from full and adequate response and recovery to inadequate
response to non-response, that characterizes schizophrenia
(7). The continuum hypothesis posits that more severe
pathophysiology leads to less response to treatment. Conversely,
the categorical hypothesis presumes TRS patients suffer from
a fundamentally different pathophysiology(s?) from that of the
cohort with treatment responsive schizophrenia (8-10). The
persistent challenge associated with both hypotheses is that the
response/non-response dichotomy in either case is at best an
arbitrarily defined boundary across dimensional measures of
symptom severity.

A continuum of cumulative factors, or loading of factors,
associated with poor response to treatment in schizophrenia
may lead to TRS. Many genetic, developmental, behavioral,
ethnocultural, and neurobiological factors have been associated
with poor response or outcome in schizophrenia (11, 12)
(Figure 2). TRS may be considered a consequence of diminished
likelihood to respond favorably to treatment in the face of such
overwhelming factors. Despite these associations, there are no
clearly defined predictors of TRS nor even the likelihood to
respond to a course of APD treatment.

Early non-response to acute APD treatment may predict
subsequent non-response throughout the duration of that
treatment episode. Of the few available predictors of APD
response, early non-response suggests a plausible categorical
distinction between TRS, and non-TRS patients. Early
treatment responders, at 2 weeks, demonstrate better symptom
improvement than early non-responders after a 12 week course
of treatment with risperidone (13, 14). Early non-responders
fail to achieve the same level of improvement seen in the early
responders. The negative predictive value of early non-response
has been reported extensively in the literature (15). Thus, the
demonstration of early non-response to acute treatment may be a
predictor for TRS as subsequent switching APDS has been shown
to offer limited further efficacy for these early non-responders.
The demonstration that switching treatment does not appear
to be an effective treatment intervention in first episode
patients failing their first course of APD treatment supports
the observation that failure to respond is quite predictive of
subsequent treatment failure (16, 17). Unfortunately, efforts to
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A Continuum of Cumulative Factors, or Factor Loading, associated with poor
response to treatment in schizophrenia may lead to TRS

There are few predictors of poor response to APD treatment

FIGURE 2 | A continuum of cumulative factors (Fn), as suggested by the above bulleted factors, may additively contribute (i.e., Factor Loading) to compromise
response to treatment in schizophrenia. TRS may be considered a consequence of diminished likelihood to respond favorably to treatment in the face of such
overwhelming factors. Despite these associations, there may be no clearly defined predictors of TRS.
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characterize who may be an early responder or non-responder
prior to treatment trial and failure have not been very revealing.
The demonstration of inadequate response to APDs may infer
that some TRS patients may be suffering from a non-dopamine
pathophysiology since D2 receptor antagonist-based treatment
is ineffective. Research has found through L-DOPA positron
emission tomography (PET) imaging that patients with TRS
may have “normal” rather than hyperactive dopamine synthesis
and release in the striatum, whereas APD treatment responsive
patients with schizophrenia do reveal significantly greater striatal
dopamine activity compared to healthy controls. Conversely,
patients with TRS seem to exhibit higher glutamate activity in
the anterior cingulate based on glutamate magnetic resonance
spectroscopy (MRS) imaging in contrast to treatment responsive
patients (18). Therefore, dopamine D2 receptor antagonism may
not have a significant influence on TRS symptoms. This provides
initial support to consider TRS as a disease state categorically
different from treatment responsive schizophrenia based on
the apparent absence of a dopamine-based pathophysiology
amenable to dopamine D2 receptor blockade. Further support
for this neurobiological distinction awaits confirmation in other
studies. TRS patients may additionally be distinguished from
non-TRS patients by evidence of reduced brain gray matter
volume (7, 19, 20), although this may not be a consistent finding
across most studies in part due to the heterogeneity of the TRS
population studied and inconsistencies in defining TRS (21).
Other potentially distinguishing factors of TRS compared to non-
TRS, such as gene profiling, polygenic loading, neurocognitive
function, and demographics including non-urban residence

(9, 10) also require further study and replication before any
conclusions can be reached.

The categorical pathophysiologic distinction of TRS from that
of general schizophrenia may be further illustrated in patients
suffering from Primary TRS, or TRS occurring early in a patient’s
schizophrenia illness, within 5 years of illness onset (4, 22).
Primary TRS is distinguished from Secondary TRS, or TRS
occurring late in patient’s illness (more than 5 years after illness
onset) after a period of years of APD responsiveness. Up to 34%
of all TRS may be Primary TRS (22). Many Primary TRS patients
may never have demonstrated response to non-clozapine APDs
or if so only briefly in the early course of their illness. Primary
TRS may be associated with a normal- or hypo-dopaminergic
CNS state. Few additional characteristics are presently known to
distinguish Primary from Secondary TRS, other than possibly a
higher proportion of males in Primary TRS (22).

Through utilization of an algorithm for the treatment of a
first episode of schizophrenia, ~25% of patients were identified
to be non-responders to either risperidone or olanzapine during
their first treatment period, and of these, >80% again failed to
respond to a subsequent second treatment trial when switched
to the remaining treatment choice with either olanzapine
or risperidone, respectively, (16). Therefore, this algorithm
apparently identified Primary TRS patients whose failure to
respond to non-clozapine APDs suggests that the symptoms of
their first episode psychosis may not be mediated by an increase
in dopaminergic activity nor at least improved by blocking the
effects of a hyperdopaminergic state. Interestingly, after these 2
APD failures, the overwhelming majority of the non-responding
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patients (75%) when treated with clozapine now demonstrated
an adequate treatment response, suggesting that clozapine may
be mediating a treatment response through a mechanism beyond
limited D2 receptor antagonism that may involve a non-
dopamine pathophysiology. The limitations of this naturalistic
algorithm-based study include no blinding of treatment, the
patient’s choice of first APD treatment received, and the
relatively small number of patients who received clozapine (n
= 28) in the third treatment trial compared to the number of
patients who entered the first treatment trial (n = 244). An
additional limitation might be that since both olanzapine and
risperidone are mainly metabolized through CYP2D6, ultra-
rapid metabolizers may have a reduced opportunity to respond
to these APDs, whereas response to clozapine, in which CYP2D6
plays a minor metabolic role, may not be similarly disadvantaged.
In a somewhat similar but larger and controlled switching
clinical trial, (17) have recently reported that first episode
patients who failed to achieve remission after an initial open-label
trial on amisulpiride (44% non-remitters), later demonstrate a
remission rate of <50% regardless of whether they subsequently
receive double-blind treatment with either a switch to olanzapine
or remaining on amisulpiride (56 and 55% non-remitters,
respectively). A small number of these non-remitters went on to
receive 12 week open-label clozapine treatment (n = 28); 5 of
these patients (28%) remitted. These results further support the
conclusion that first failure on a D2 antagonist APD may predict
subsequent APD treatment failure in first episode schizophrenia
patients. More data will be needed before one can conclude on
the efficacy of clozapine in these first episode treatment resistant
patients.

Therefore, risk factors associated with poor APD response in
First Episode Schizophrenia (FES) should be associated with a
hypo-dopaminergic state, or at least a “normo-" dopaminergic
state, and these risk factors may similarly identify patients at risk
for Primary TRS. Some risk factors that have been reported to be
associated with poor response in FES include:

e Negative symptoms on illness presentation (23-25)

e Cognitive impairment at baseline (26) or during APD
treatment (27)

e Continued substance abuse during early years in treatment
(28, 29)

e Extrapyramidal side effects (EPS) during first APD treatment
(26)

e Reduced DA activity, as evidenced by diminished frontal DA
D2/3 binding potential as compared to APD responding FES
patients (30).

These factors may be associated with a hypo-dopaminergic
state and may therefore possibly reflect to some degree such
state in treatment non-responsive FES patients. It is of course
important to note that poor adherence to treatment may also be
an overriding factor contributing to poor response in FES.

As first demonstrated in TRS by Demjaha et al. (18), a
hyper-glutamatergic state has more specifically been associated
with Primary TRS. FES patients with minimal APD exposure
have been found to demonstrate an elevated glutamate MRS
signal in the anterior cingulate as compared to healthy controls

(31). This elevated glutamate signal is also seen in FES non-
remitters as compared to remitters to APD treatment (32).
These results provide further evidence to suggest that Primary
TRS unlike treatment responsive schizophrenia may be a
category of schizophrenia characterized more by a hyper-
glutamatergic than a hyper-dopaminergic pathology. Of course,
these neurotansmitters may be the result of proximal structural
and/or genetic factors that may be primarily responsible for these
distal distinctions between TRS and non-TRS patients.

Secondary TRS differs from Primary TRS in that the once APD
responsive patient now no longer experiences an improvement in
psychotic symptoms with APD treatment. This loss of response
to APD treatment may conceivably be due to a progressive
worsening of the underlying disease state or tolerance to the
therapeutic effectiveness of continued DA D2 antagonism. First
episode patients have been found to experience a progressive
loss of APD response with each subsequent psychotic relapse
experienced (33). This suggests that recurrent relapses may
have a “neurotoxic” effect that worsens the underlying disease
reducing the likelihood of full response to APD treatment (34,
35). Conversely, continuing treatment with APDs may have an
iatrogenic effect, perhaps through chronic adaptive alteration
of the dopamine receptor [e.g., pharmacologic tolerance due
to dopamine receptor supersensitivity (36)] that over time
contributes to Secondary TRS [i.e., Supersensitivity Psychosis
(37)]. At present, no clear causative mechanism for Secondary
TRS has been elucidated.

Clozapine (CLZ) stands as the only approved treatment for
TRS. Unfortunately, not all TRS patients respond to an adequate
treatment trial with CLZ (38). Thus, CLZ non-responsive as
opposed to CLZ responsive patients further divide TRS into at
least two additional patient segments. Possible factors associated
with CLZ non-response (“Ultra-TRS”) include:

e Delayed initiation of CLZ (38-40)
e Cortical (temporal) thinning (41)
e Reduced glutamate activity (42)

e Polygenic factors (43, 44).

Ultra-TRS may reflect a schizophrenia disease state in which
dopaminergic, glutamatergic, and perhaps much of the receptor
pharmacology of available APDs have a greatly diminished
influence on psychosis expression.

CONCLUSIONS

A significant challenge to developing a new and effective
treatment for TRS is the heterogeneity in the patient segments
that make up what we refer to as The Group of Treatment
Resistant Schizophrenias. By parsing these patient segments to
achieve more homogeneous segments that may share a common
pathophysiology, new drug development efforts for TRS may
possibly emerge which may be more data driven, or at least
hypothesis driven, than a “one size fits all” discovery strategy for
a new treatment that may be efficacious in all TRS patients. A
relevant first step may be to tentatively outline potential patient
segments, in order from:
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A More Broadly Defined Segment. ..

All TRS patients?

Fewer or greater load of poor response factors?
Hypo-dopaminergic or hyper-glutamatergic activity?
Early-in-Disease vs. Late-in-Disease?

Fewer vs. greater number of failed treatment trials or relapses?
Enhanced or diminished DAD2R signaling?

History of response or non-response to clozapine?

...to A More Targeted Segment
At present, this concept has not been substantiated as targets that
may mediate illness in specific patient segments have not been
validated nor targeted therapies tested. Furthermore, parsing
schizophrenia into patient segments based upon response to
presently available treatments with all their limitations (e.g.,
little efficacy to improve such core symptoms as negative
symptoms and cognitive impairment) may miss other, more
fundamental neurobiological determinants of heterogeneity
within schizophrenia. Lastly, consistency in defining TRS and
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Background: Roughly 30% of schizophrenia patients fail to respond to at least two
antipsychotic trials. Psychosis has been traditionally considered to be poorly sensitive to
psychotherapy. Nevertheless, there is increasing evidence that psychological interventions
could be considered in treatment-resistant psychosis (TRP). Despite the relevance of the
issue and the emerging neurobiological underpinnings, no systematic reviews have been
published. Here, we show a systematic review of psychotherapy interventions in TRP
patients of the last 25 years.

Methods: The MEDLINE/PubMed, ISI WEB of Knowledge, and Scopus databases were
inquired from January 1, 1993, to August 1, 2018, for reports documenting augmentation
or substitution with psychotherapy for treatment-resistant schizophrenia (TRS) and TRP
patients. Quantitative data fetched by Randomized Controlled Trials (RCTs) were pooled
for explorative meta-analysis.

Results: Forty-two articles have been found. Cognitive behavioral therapy (CBT) was
the most frequently recommended psychotherapy intervention for TRS (studies, n =
32, 76.2%), showing efficacy for general psychopathology and positive symptoms as
documented by most of the studies, but with uncertain efficacy on negative symptoms.
Other interventions showed similar results. The usefulness of group therapy was supported
by the obtained evidence. Few studies focused on negative symptoms. Promising results
were also reported for resistant early psychosis.

Limitations: Measurement and publication bias due to the intrinsic limitations of the
appraised original studies.
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Antipsychotic Treatment-Resistance: A Resistance to Everything?

Conclusions: CBT, psychosocial intervention, supportive counseling, psychodynamic
psychotherapy, and other psychological interventions can be recommended for clinical
practice. More studies are needed, especially for non-CBT interventions and for all
psychotherapies on negative symptoms.

Keywords: treatment-resistant psychosis, dopamine supersensitivity, negative symptoms, psychotherapy,
behavioral therapy, group psychotherapy, positive symptoms

INTRODUCTION

Schizophrenia affects approximately 1% of the population, usually
starting in adolescence or young adulthood, frequently leading
to persistent disability, with a high risk of suicide (8%). Despite
the advance in antipsychotics treatment, approximately 30% of
patients with schizophrenia show a poor response or no response
to antipsychotics (1-7), demonstrating persistent positive
symptoms (i.e., hallucinations, delusions). The experience of
persistent delusions and hallucinations may result in further
disability, poor prognosis, and risk of suicide (8, 9). Finally,
treatment-resistant psychosis (TRP) is responsible for increasing
health assistance expenditure. For instance, in the United
States, treatment-resistant schizophrenia (TRS) adds more than
34 billion dollars in the annual direct medical costs (10).

In the presence of pharmacological treatment resistance,
can nonpharmacological, psychotherapy-based interventions
significantly overcome the therapeutic response deadlock?
Which psychotherapy in combination with antipsychotics does
work better? Finally, what are the limitations and the pitfalls of
the research on psychotherapy in TRS and TRP?

This review aims to provide a critical, systematic overview
covering the last 25 years of published results of all types of
psychotherapy, as adjunctive or substitutive therapy, specifically in
TRS or TRP patients, including early psychosis and psychotic onset.
TRS and TRP for many patients are lifelong mental disorders with
significant consequences on most functional domains (11, 12).
TRS represents a severe condition with relevant clinical, social, and
health costs and consequences (2). In clinical practice, the criteria
to define TRS have not been always consistent over time (2). The
first complete definition was introduced in the seminal article of
Kane and collaborators (13) on clozapine efficacy in TRS. Most of
the new proposed criteria require the lack of response to at least
two consecutive treatments with antipsychotics; in most cases, one
of the two antipsychotics should be an atypical one, of adequate
dose and duration (=6 weeks). An adequate dose of antipsychotic
medication in the most recent report is defined as a daily dose
of 2400 mg chlorpromazine equivalence (14-17). The lack of
response has been indicated as a relative change in the evaluation
scales (i.e., >220% decrease in the Positive and Negative Syndrome
Scale) (17). Psychotic symptom persistence has been demonstrated
to cause distress and serious interference with functioning (18),
complicating the clinical course of schizophrenia. Therefore, a large
proportion of patients may never reach a functional recovery (19).
These patients show poor global functioning and life quality (20,
21), increased drug abuse (6), and reduced cognitive performance
compared to patients who respond to the treatment (22).

Persistent psychotic symptoms have been observed for 2 years
after the initiation of symptoms in 15% of cases (23). In a 15-year
follow-up study of patients affected by nonaffective psychosis,
every psychotic episode has resulted in raising the probability to
experience residual positive symptoms. At least 25% of patients
showed persistent positive and negative symptoms after the first
episode, while nearly 50% presented persistent symptoms after the
fourth episode (24). According to this progression of symptoms
persistence, the total number of treatment-resistant patients can
increase up to 60% (25). Two forms of treatment resistance have
been hypothesized: a type of resistance that is already present at
the onset of the pathology, and a second one that develops later
on during the trajectory of the disorder and after a period of
successful response to antipsychotics (26-28). Remarkably, 82%
of TRS had been reported to be resistant since their first episode
of psychosis, while 18% of patients with TRS develop resistance
after a period of adequate response. It has been reported that
the first group could recognize a neurodevelopmental disorder
with relatively normal dopaminergic function and prevalent
aberrant cortical-subcortical dysfunction (29, 30). Clozapine,
the prototypical second-generation antipsychotic, is considered
the gold standard of pharmacological treatment for TRS (31-34),
even if its superiority in comparison to other second-generation
antipsychotics has been challenged in recent meta-analysis (16,
35, 36). Moreover, drug combinations strategies are often used
in TRP (32, 37-39) and in the “ultraresistant patients,” who do
not respond or respond only partially to clozapine. It has been
estimated that approximately 30% of patients who are treated
with clozapine do not respond adequately (14, 40, 41). Clinical
features at diagnosis can only partially predict resistance to the
treatment: poorer premorbid functions, an earlier age at onset
of positive symptoms, family history of schizophrenia spectrum
disorder, longer duration of untreated psychosis (DUP) (26,
42-48), male gender, a history of specific substance abuse, severe
negative symptoms, and presence of soft neurological signs (3,
23, 42, 47, 49-51). Functional and structural brain imaging has
identified potential brain abnormalities related to treatment
response or resistance, specifically at the level of the frontal
cortex, basal ganglia, corpus callosum, and anterior cingulate.
Nevertheless, correlations with brain abnormalities have still
not been consistently replicated (52, 53). In our study, we
included an exploratory meta-analysis to provide a quantitative
synthesis of data from Randomized Controlled Trials (RCTs).
The aim of this latter analysis was to compare the efficacy of an
augmentation approach with cognitive behavioral therapy (CBT)
versus treatment as usual (TAU) in patients with treatment-
resistant schizophrenia.
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Psychotherapy Approach to Psychosis

The so-called “Dodo Bird Verdict” has been suggested in many
reports to indicate that different psychological therapies are of
nonspecificorsimilarefficacy, but this viewis controversialand can
be contrasted by meta-analytic studies (54-59). Criteria to define
evidence-based psychotherapy (EBP) have been established in
youth psychotherapy (60). The comparison between EBP and the
usual care has shown a more effective performance in the former
but advantages in the latter (61, 62). Some researchers have used
befriending (BF), an atheoretical and manualized control therapy
(63), as a nonspecific relationship that works as a control group,
but it has been shown that this approach could have a therapeutic
impact, too (64). Nevertheless, psychological interventions have
become more widely accepted over the past two decades (65-67).
The majority of recent publications consider CBT the elective
psychotherapy for psychosis (68, 70) and other treatments are
not frequently studied. In particular, the number of articles on
the psychodynamic treatment of schizophrenia was very high
from 1966 to 1987, with the decline starting after 1980; however,
no one was centered on treatment-resistant schizophrenia (71).
Mueser et al. observed that the published studies are “only a
crude index of the current therapy in schizophrenia since a
small fraction of psychodynamic psychotherapy practitioners
publishes their treatment cases.” In the history of psychodynamic
psychiatry and psychoanalysis, psychosis has been traditionally
considered impervious to treatment. However, recent literature
points out to the association between environmental factors,
such as childhood adversity, and the development of psychotic
experiences, psychotic symptoms, and diseases (72-79). In fact,
trajectory-based approaches to study clinical consequences to
potentially traumatic events (PTEs) have recently emerged.
In particular, prototypical trajectories have been found across
independent studies, and resilience seems to determine the
modal response to adversity (80). Abnormal early-life experience,
such as early relationships characterized by a “lack of affectivity”
during the first year of life, has been suggested to be potentially
pathogenic (81). This aspect should also be evaluated as
psychologically determinant in contributing to the development
of a psychotic disorder. Furthermore, recent literature has also
shown the important role played by the therapeutic relationships
in all psychiatric settings in predicting the outcome (82-84). It
has also been evidenced how therapist attitude and characteristics
in the relationship can influence the outcome specifically in TRS
patients (85).

Therefore, in the last 20 years, there has been a growing
interest in developing a psychological intervention for people
who continue to experience psychotic symptoms despite
adequate pharmacological treatment (14, 86-90). In early
interventions on psychosis, psychotherapy is a potentially
relevant part of the treatment, whereas the medication
only might neither be sufficient nor efficient (44, 91-96).
Medications can also determine a worse clinical condition and
be detrimental, since they can have brain structural effects (97-
99). Remarkably, antipsychotic treatment can result in further
psychotic symptomatology at this stage, due to a dopaminergic
supersensitivity effect, induced by the treatment itself (100-102).

It has been observed that early psychosis patients may present
treatment resistance. In particular, approximately 20% continue
to have significant residual positive symptoms after 12 weeks of
comprehensive treatment (103). Nevertheless, in early psychosis,
a psychological or an integrated therapy with an adequate dose
of medication could be effective, maximize results, prevent
relapses, achieve recovery, and overcome drug resistance. Studies
on the prodromal phase of psychosis have demonstrated that
psychological treatments can be effective in reducing transition
to psychosis (103, 104). Also, studies on psychosis onset have
shown that, in selected cases, psychological interventions can be
more appropriated as the first choice than medications (86, 105-
107). The National Institute for Clinical Excellence (NICE) (108)
and the Schizophrenia Patient Outcome Report Team (PORT)
guidance included cognitive behavioral therapy (CBT) in their
preferred list of treatments for schizophrenia (108, 109).

MATERIALS AND METHODS

Aimed at achieving a high standard of reporting, we followed
the procedures indicated by the 2009 update of the Preferred
Reporting Items for Systematic reviews and Meta-Analyses
(PRISMA) guidelines (http://www.prisma-statement.org/) (see
Figure 1) (110).

Eligibility Criteria, Information Sources,
and Search Strategy

We limited our search to those records related to TRP, TRS
and psychotherapy of the last 25 years, from January 1, 1993,
until August 1, 2018. Such timeframe owed to methodological
considerations aimed at including studies relying on homogeneous
diagnostic criteria. A systematic database search was performed
on MEDLINE/PubMed, Web of Science/ISI Web of Knowledge,
and Scopus. The following combinations of keywords have been
used: “treatment resistant psychosis OR treatment resistance
psychosis AND treatment-resistant schizophrenia OR treatment
resistance schizophrenia AND psychotherapy,” “antipsychotic
resistant response OR antipsychotic resistance response AND
psychotherapy;,” “clozapine resistance AND psychotherapy OR
augmentation strategies,” “partial responders antipsychotics AND
psychotherapy OR augmentation psychotherapy, “clozapine
non responders AND/OR poor responder antipsychotics AND
psychotherapy OR augmentation psychotherapy,” “psychosis
AND antipsychotics psychotherapy augmentation,” “medical
resistance AND psychosis psychotherapy,” “treatment resistant
OR treatment-resistant OR treatment resistance OR treatment-
resistance  AND psychosis AND/OR schizophrenia AND
psychotherapy AND/OR psychodynamic psychotherapy AND/
OR therapeutic relationship” RCT, meta-analyses relevant open-
label trials, significant articles, including case reports, controlled
and uncontrolled trials, and ongoing trials of pharmacological
treatments, augmented or substituted with psychotherapeutic
approaches to TRP and TRS, have been selected. No language
restriction was applied, and relevant cross-references were
retrieved as necessary. Studies concerning augmentation or
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FIGURE 1 | Flow chart of review procedures.

substitution with medication have been excluded. Articles
referring to TR in different pathologies from nonaffective psychosis
and schizophrenia spectrum disorders have also been excluded.
To overcome the problem of nonspecificity in psychotherapy,
particular attention has been paid to the psychotherapy method
and its details and to the control groups. Critical and systematic
reviews on psychological interventions in TRP and TRS have been
considered for a further review of literature. The most frequent
cluster of symptoms measured by clinical scale assessments that
have been included are 1) general psychopathology, 2) positive
and negative symptoms, 3) cognitive symptoms, 4) affective
symptoms, and 5) social functioning. The following aspects have
been considered: 1) the stage of illness, such as the prodromal
phase, the onset, any time after the onset and during the chronic
phase; 2) the population of patients regarding diagnosis, duration
of illness, age, age of onset, and duration of untreated psychosis
(DUP); and 3) the type of psychotherapy, such as individual
or group, duration of the treatment, frequency and time of the
sessions, type of comparison or control group (if present), and
blindness of the raters.

About the meta-analysis portion, we performed a fixed-effect
meta-analysis aimed at evaluating the efficacy of augmentation
therapy with CBT on the positive symptoms of Positive and
Negative Syndrome Scale (PANSS) (see Figure 2). The same
analysis was replicated on the negative symptoms of PANSS (see

Figure 3). A further meta-analytical random-effect evaluation
was carried out in order to evaluate the effectiveness of
augmentation therapy with CBT in terms of variation of the total
PANSS scores (see Figure 4). The estimate uses SMD (standard
mean difference pre- vs. posttreatment) as an effect size.

The heterogeneity index of the studies and the publication
bias were respectively evaluated with > and Funnel plots (see
Figures 5, 6, and 7).

The inclusion criteria used for the selection of the RCTs
suitable for the meta-analysis carried out were as follows:

1. Presence of a uniform control group (patients treated with the
usual therapy) (TAU)

2. Measurement of outcome with validated scales (PANSS)

3. Studies only of the RCT type

4. Same type of psychotherapeutic intervention (individual CBT)

5. Evaluation, pre- and posttreatment, with the same type of scale

6. Follow-up to 6 or 9 months

Study Selection

Included papers were those reporting efficacy outcomes about the
positive and/or negative symptoms of TRS and TRP exposed to
antipsychotic replacement or augmentative psychotherapy, any
modality. Outcome measures could be reordered by means of
varying standard rating tools or by means of the clinicians’ judgment.

Frontiers in Psychiatry | www.frontiersin.org

1Ll

April 2019 | Volume 10 | Article 210


https://www.frontiersin.org/journals/psychiatry#articles
https://www.frontiersin.org/journals/psychiatry
www.frontiersin.org

Polese et al.

Antipsychotic Treatment-Resistance: A Resistance to Everything?

Meta Analysis

Study name Statistics for each study Std diff in means and 95% CI
Std diff Standard Lower Upper
inmeans emor Variance limit limit Z-Value p-Value
2014 Birchwoodetal 0253 0,143 0020 -0,027 053¢ 1,771 0077 ——
2010 Petersetal 0239 0233 0054 -0218 0697 1,025 0,305 -
2018 Momisonetal 0229 0091 0008 0050 0407 2514 0012 =
2003 Rector etal 0245 0313 0098 -0369 0858 0,782 0434
0237 0071 0005 0097 0376 3331 0,001 <o
-1,00 0,50 0,00 0,50 1,00
Favours A Favours B
FIGURE 2 | Meta-analysis of PANSS positive symptoms.
Meta Analysis
Study name Statistics for each study Std diff in means and 95% CI
Std diff Standard Lower Upper
inmeans error Variance limit limit Z-Value p-Value
2014 Birchweodetal 0,033 0,143 0020 -0,247 0312 0230 0818 —P—
2010 Peters etal 0,130 0233 0054 -0326 0587 0558 0576 -
2018 Morrison et al 0,061 0,001 0,008 -0,117 0239 0671 0502 +—
2003 Rectoretal 0,359 0314 0099 -0257 0975 1143 0253
0,075 0,071 0,005 -0,063 0214 1,066 0,286
-1,00 0,50 0,00 0,50 1,00
Favours A Favours B
FIGURE 3 | Meta-analysis of PANSS negative symptoms.

Data Collection Process

Two authors (DP and MP) conducted a two-step literature
search, examining all titles and abstracts, accessing the full
texts of potentially relevant papers. Upon data collection and
extraction, the appointed authors compared their results with
each other to reach a final consensus based on consensual
inclusion and exclusion criteria. Any eventual discrepancy
between the principal investigators, blind to each other, was
solved by consultation with the senior author (AdB). Finally,
the leading senior author with considerable experience on the
topic (AdB) assisted in manuscript revision. Data were sought
for the following characteristics: participants, interventions,
comparisons, outcomes, and study design (PICOS), as well as
funding sources. Specifically, the recorded variables for each

article included in the review were the following: author(s), year
of publication, study design, sample size, eventual follow-up
or control group, outcome measures, conclusions, limitations,
quality score, and quality differentiation.

Risk of Bias in Individual Studies

Potential major confounding biases in the studies were
ascertained at study level focusing on the following:
measurement/diagnostic bias (e.g., lack of reliable diagnostic
tools to make the diagnosis of TRS or TRP), confounding bias
(e.g., lack of stratification and multivariate control for specific
sociodemographic, vital, or clinical features), information
(especially recall) bias, unrepresentativeness or inhomogeneity
of the sample size or lack of control group (where applicable),
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FIGURE 5 | Funnel plot of PANSS positive symptoms.

Study name Statistics for each study Std diff in means and 95% CI
Std diff Standard Lower Upper
inmeans eror Variance limit limit Z-Value p-Value
2014 Birchwood etal 0,057 0,143 0,020 -0,222 0,336 0401 0,689
2010 Peters et al 0,665 0,239 0,057 0197 1,133 2783 0,005 L
2018 Morrison et al 0,054 0,091 0,008 -0,124 0232 0594 0552
2003 Rector et al 0,359 0,314 0,099 -0257 0975 1142 0,253 L
2003 Duhram et al 0,425 0,309 0,095-0,179 1,030 1379 0,168 L
0,220 0,114 0,013-0004 0443 1926 0,054 ‘
-1,00 0,50 0,00 0,50 1,00
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FIGURE 4 | Meta-analysis of PANSS total.
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and selection by indication bias (nonrandom assignment of the
exposure where applicable) (111).

Scoring and Ranking of the Studies

The present systematic review purposely encompassed a broad
range of records and different types of study designs. To avoid an
“apples and oranges” bias, we strived at stratifying the appraised
results by discriminating between different quality levels.
Specifically, observational case-control reports were appraised
by means of the Newcastle-Ottawa Rating Scale (see Table 1)
(118) and randomized controlled studies were appraised using
the Jadad scale (see Appendix 1) (119).

Risk of Bias Across the Studies

Any eventual bias affecting cumulative evidence (e.g., publication
bias, selective reporting within studies) was assessed through the
study evaluation process and accounted in the discussion of the
present manuscript.

RESULTS

The process of the literature search is shown in Figure 1. The
search identified 42 references, of which 18 were RCT articles
(see Table 2 for all the types of studies). Appendix 1 provides an
overview of descriptive information about the 42 studies.
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FIGURE 6 | Funnel plot of PANSS negative symptoms.
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FIGURE 7 | Funnel plot of PANSS total.
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Overall Number, Selected Number, and
Typology of Psychotherapy Intervention
Only patients who had been stable on medication for a defined
period (from 8 weeks to 6 months) were included in the studies.
As reported in Table 3, CBT works were found in 32 trials: 25
on individual and 7 on group CBT. Social skill training (SST)
was studied in adjunction to CBT, and they were compared
to supportive counseling (SC) in one trial (120). Works on
family interventions (FI), psychosocial intervention (PI),
psychoeducation (PE), key-person counseling (KC), cognitive
remediation (CR), supportive counseling (SC), and supportive
therapy (ST) were studied in comparison with CBT in 12
CBT works. No studies with these interventions alone on TRP

patients have been found. In one trial, CBT was compared to
SC plus PE (121). Mindfulness was used in adjunction to CBT,
acceptance-based intervention (ACT), and treatment of resistant
command hallucinations (TORCH) in one study (122), while
it was examined alone in another work (123). One study on
multimodal individual psychotherapy, including individual
CBT, was found (114). Two controlled trials that compared
individual CBT to treatment as usual (TAU) have been collected
(117, 124). One RCT that compared CBT to enriched TAU
(125) has been found. The studies regarding other interventions
alone were as follows: reasoning training (RT, n = 2) (112, 126),
metacognitive therapy (MCT, n = 2) (127), cognitive therapy
for command hallucinations (CTCH, n = 1) (128), art group
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TABLE 1 | Newcastle-Ottawa Scale for assessing the quality of the included studies.

Newcastle-Ottawa Scale Case-Control Studies
(http://www.ohri.ca/programs/clinical_epidemiology/oxford.asp)

Author Year Selection— Selection— Selection— Selection— Comparability Exposure/
case definition representativeness of selection of definition of of cases and ascertainment

the cases controls controls controls of exposure

Ross et al. (112) 2009 * * * * * *

Cather et al. (113) 2005 * * * * * *

Temple, Ho. (124) 2004 * * * * * *

Randal et al. (114) 2003 * * * * = *

Durham et al. (115) 2003 * * * * * *

Levine et al. (116) 1998 * * * * * *

Garety et al. (117) 1994 * * * * * *

TABLE 2 | Study design of the included trials.

Type of study Number Number of studies with
of studies  blind assessors

RCTs 18 14 blind studies

Randomized experimental trials 1 0 blind studies

Controlled clinical trials 5 2 blind studies

Uncontrolled clinical trials 6 0 blind studies

Case reports 3 0 blind studies

Pilot studies 2 0 blind studies

Follow-up studies 3 2 blind studies

Meta-analysis 3 2 (1 blind study + 1 blind vs.
nonblind study)

Cochrane Intervention Review 1 1 blind vs. nonblind study

Total 42 21

TABLE 3 | Type of psychological intervention in the retrieved studies.

Number
of studies

Psychological intervention

Individual or group CBT vs. treatment as usual 17
and/or other nonspecific therapies
CBT, Psychosocial Intervention

CBT, Supportive Therapy

CBT, Psychoeducation (PE)

CBT, Supportive Counseling (SC)
CBT, SC + PE

CBT, Psychoeducation, SC

CBT, Family Intervention

CBT, Social Skill Training (SST), ST
CBT, ACT, TORCH, Mindfulness

CBT, Cognitive Remediation (CR)
Individual Multimodal Psychotherapy
Cognitive Therapy for Command Hallucinations
Reasoning Training

Mindfulness

Metacognitive Therapy

Art Group therapy

Occupational Therapy
Psychodynamic Interpersonal Therapy
Total

A AN 4 AN 4 N = 2 NDWN

N
N

therapy (n = 1) (129), occupational therapy (OT, n = 1) (130),
and psychodynamic-interpersonal therapy (PIT, n = 1) (131).

Ten of the 42 studies regarded group therapy (116, 123, 129,
132-138). They are shown in Table 5.

The CBT studies represented the majority of articles (32 out
of 42). They were generally rigorous, as 22 out of 32 were of the
RCT type, including 3 follow-up studies and 2 meta-analyses,
while 10 studies included six trials with a control group. Only
four CBT studies had no comparison group or control group.
Some CBT researchers have used befriending (BF) (122, 139,
140). An RCT study on BF in first episode psychosis has been
found and reported in Appendix 2 (64). The mindfulness
study used BF as a comparison group as well. The work on
multimodal psychotherapy used a TAU control group. Of the
remaining studies, 3 out of 9 included a control group: the brief
RT was compared to the Attention Control Activity (141), OT
was compared to clozapine alone (130), and the CTCH was
compared to TAU (128).

Moreover, a meta-analysis (138) was focused on individual
and group FI studies on schizophrenia patients who were both
TR and not TR patients and included CBT works in TRS patients,
who were accurately described.

For this reason, it has been incorporated in our work. A second
phase of the same meta-analysis has been excluded, as it did not
pertain to medication resistance (142). The dose of treatment was
measured by the total number of sessions and was from 4 to 27,
given throughout a period between 12 weeks and 24 months. In
five studies, the number of sessions and the time of treatment
were not specified.

Therapists and Blindness

Therapists were generally expert, except for one case (143). In two
cases, the raters were trained and experienced nurses (140, 141).
One study specifically on treatment resistance in early psychosis
was found (144). Another study included early psychosis in
a heterogeneous group (93). Eighteen articles were trials with
blind raters, while blindness could not be used in 21 works. Only
one meta-analysis out of three was specifically focused on blind
studies (145). The Cochrane review compared blind studies with
nonblind studies (146).

Stage of lliness

The stage of illness (initial or chronic) was heterogeneous in 10
studies, where the patients who were enrolled had different ages
or very diverse duration of illness. In 11 articles, the duration of
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illness was not specified. Twenty trials had a sample of chronic
TRP patients. None of the found articles resulted in reporting
the DUP.

Pharmacological Co-Treatment

In only two studies were there patients who were not on
medication. In the first, there were 5 of 40 patients in an
uncontrolled naturalistic study of CBT plus FI (147), while in
the second there were 3 of 12 patients on individual CBT in a
RCT (148). Remarkably, no study has proposed a psychological
treatment as an alternative to medication in the whole sample. No
study with regard to music therapy, specifically on medication-
resistant psychosis patients, has been found. However, other 18
studies, which did not focus on TR patients and were not included
in this research, have been collected in Appendix 2.

Clinical Outcome

Assessments used to measure improvement often differed between
the various trials. Hence, we pooled study results either based or not
based on statistics along with the authors' conclusion to compare
them. See Table 4 for details on the number of works that had
statistically significant outcomes. Articles reporting no improvement
are also included in Table 4. No changes after treatment have been
observed in only 2 studies out of 42. Those two trials were on CBT:
one on CBT integrated with FI (147) and one on group CBT (132).

Symptoms and Clinical Domains
The symptomatology studied in the retrieved trials is mainly
represented by the positive symptoms and, above all, the auditory

hallucinations, especially in the CBT studies, while negative
symptoms have been rarely evaluated. Ten studies out of 42
reported a decrease of negative symptomatology (see Table 4).
Efficacy on negative symptoms has been shown in three CBT
trials and in ST, CR, CTCH, and OT. Art group therapy, MCT,
and PIT trials have also reported a positive outcome on negative
symptoms but without control group and not statistically
evaluated (see Appendix 1 and Table 4). Affectivity has not
been specifically evaluated, except for art group therapy and
PIT. Clinical progress has also been observed in other areas,
such as social functioning and personal care. Self-esteem and
hopelessness have been evaluated, but their improvement has
not been shown.

Studies with chronic patients affected by treatment
resistance have shown that CBT could be effective, providing
positive symptom reduction, which was considered equivalent
to a “medium effect size” A trend to effective treatment has
been observed as well, in case series with psychosis onset,
which was resistant to medication alone: almost three-quarters
of patients achieved clinically significant improvement (144).
However, results of CBT efficacy compared to other treatments
in TRP are not homogeneous in all studies. For instance,
when compared to other treatments, similar improvements
to the CBT experimental group have been observed in other
comparison groups, while a significant difference has been
constantly observed only from TAU (132). In particular, in the
Cochrane meta-analytical review on schizophrenia including
TRS, psychosocial therapies have shown no clear difference
from CBT for outcomes relevant to adverse effect/events,
global mental state measures, and effects on positive or negative

TABLE 4 | Improvements observed in the different psychological interventions, which were examined in the reviewed studies.

Psychological intervention on TRP patients Studies with Studies with Studies with Studies Studies with
statistically no statistically no different with no improvement
significant significant improvement improvement specifically on negative
improvement improvement between groups symptoms

Individual CBT 8 2 0 0 2
Individual CBT vs. Befriending 1 0 1 0 1
Group CBT 3 0 0 1 0
Group CBT vs. Group ST 1 0 1 0 0

CBT vs. Psychosocial Intervention 0 0 1 0 0

CBT, Supportive Therapy 0 0 1 0 0

CBT vs. Psychoeducation 0 0 2 0 1

CBT vs. Supportive Counseling 2 0 3 0 0

CBT, Family Intervention 1 0 0 1 0

CBT, Social Skill Training vs. ST 0 0 1 0 0

CBT, (ACT, TORCH), Mindfulness vs. Befriending 0 0 1 0 1

CBT vs. Cognitive Remediation 0 0 1 0 0
Multimodal Psychotherapy 1 0 0 0 0
Reasoning Training 1 1 0 0 1
Cognitive Therapy for Command Hallucinations (CTCH) 1 0 0 0 1
Mindfulness 0 1 0 0 0
Metacognitive Therapy 2 0 0 0 1

Art Group Therapy 0 1 0 0 0
Occupational Therapy 1 0 0 0 1
Psychodynamic Interpersonal Therapy 0 1 0 0 1

Total 22 6 12 2 10
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symptoms (146). Moreover, the studies comparing CBT to another
treatment, such as cognitive remediation (149), befriending (122,
140), supportive therapy (115, 120, 134), psychoeducation (113,
150), supportive counseling (121), or family intervention (138),
have shown significant clinical improvement in all groups that
were studied. Finally, a statistically significant major improvement
in supportive therapy has also been observed (135). Two trials
have shown a significant improvement in the CBT group when
compared to other psychological interventions, such as befriending
(139) or supportive counseling (151). Moreover, in two follow-up
studies, CBT did not maintain the superiority to SC (152, 153).
In particular, after 1 year from the end of treatment, CBT started
to decline while SC improved, and this trend continued at 2-year-
follow-up. Finally, our results show that group therapy is related
to significant improvement for all psychological interventions
retrieved, except for family intervention (138), where single family
treatment resulted better than the group family one. In six out of
seven trials, group CBT presented the same improvement as the
comparison group, showing the same results that were observed in
the studies on individual CBT.

Meta-Analysis Result
The results obtained in our meta-analysis concerning the domain
“POSITIVE SYMPTOMS” of the PANSS scale are as follows:

Fixed-effect meta-analysis: number of studies = 4; number of
comparisons (k) = 4; total sample = 800 patients; SMD (standard
mean difference) = 0.237 (C.I. = 0.097-0.376).

These preliminary results suggest that, on average, the PANSS
score for positive symptoms was reduced by 23.7% more (with
a margin between 9.7% and 37.6%) in patients who performed
augmentation therapy with CBT compared to patients who
received the usual therapy (TAU) (see Figure 2). Moreover, this
reduction is statistically significant (p = 0.001).

Although the number of meta-analyzable studies is small, the
heterogeneity index I? is 0% (Figure 5).

The results obtained in our meta-analysis concerning the
domain “NEGATIVE SYMPTOMS” of the PANSS scale are as
follows:

Fixed-effect meta-analysis: no. of studies = 4; number of
comparisons (k) = 4; total sample = 800 patients; SMD (standard
mean difference) = 0.075 (C.I. = —0.063-0.214).

These preliminary results suggest that, on average, the PANSS
score for negative symptoms was reduced by 7.5% more (with
a margin between —6.3% and 21.4%) in patients performing
augmentation therapy with CBT compared to patients receiving
the usual therapy (TAU) (see Figure 3). However, this reduction
is not statistically significant (p = 0.286).

Furthermore, it is noteworthy that the “lower limit” of the
negative confidence interval (-6.3%) indicates how, at least in a
small number of events, the CBT in augmentation to the usual
treatment (TAU) could potentially induce even an effect opposite
to the therapeutic one.

Although the number of meta-analyzable studies is small, the
heterogeneity index I* is also 0% in this case (Figure 6).

The results obtained in our meta-analysis concerning the
“TOTAL Score” domain of the PANSS scale are as follows:

Random-effect meta-analysis: no. of studies = 5; number of
comparisons (k) = 5; total sample = 843 patients; SMD (standard
mean difference) = 0.220 (C.I. = 0.443-0.004).

These preliminary results suggest that, on average, the
total score at the PANSS was reduced by 22% more (with a
margin between 44.3% and —-0.4%) in patients who performed
augmentation therapy with CBT compared to patients who
received the usual therapy (TAU) (see Figure 4). However, this
result is not statistically significant (p = 0.054).

Moreover, in this case, the heterogeneity index I is equal
to 46% and, being quite high, therefore indicates a poor
homogeneity of the analyzed data (Figure 7).

DISCUSSION

Psychological Interventions

Psychological interventions in TRP patients have shown a
therapeutic effect in 40 out of 42 selected studies. In particular,
results demonstrate improvement in positive symptoms for
CBT, as well as for other psychological interventions, albeit
with different degrees. More specifically, CBT effects in
selected studies were not statistically different respectively from
psychosocial intervention (146), cognitive remediation (149),
befriending (122, 140), supportive therapy (115, 120, 134, 135),
psychoeducation (113, 150), supportive counseling (121), and
family intervention (138).

CBT has been recognized as more efficient in persistent
positive symptoms at follow-up. Supportive counseling (SC)
was less effective than CBT at the 9-month follow-up, while
it demonstrated the same efficacy as CBT at the following
follow-up. Finally, the SC showed its superiority in some
measures at 2 years follow-up (140, 153). It has been speculated
that supportive counseling may enhance frequent and regular
nonthreatening social interaction, which might have worked
on self-esteem and helped patients to recuperate their social
activity (16). Furthermore, metacognitive therapy has also
shown significant improvements in both positive and negative
symptoms compared to the baseline (but a control group was not
provided) (127). Although art therapy is not strictly considered
as a form psychotherapy, it has shown to lead to improvements
in a short time in fields that are not easily measured by regular
assessments, for example when considering interhuman
relationship (129). Moreover, affectivity has not been specifically
evaluated, except for art group therapy and psychodynamic
interpersonal therapy (131), which were case series. In this work,
clinical progress has also been observed in other areas such as
social functioning, showing a marked reduction in the severe
disturbances presented prior to treatment (131). Occupational
therapy has been shown to give a statistically significant
improvement compared to clozapine alone in the performance
of the activity, in psychotic symptoms, social interaction, and
personal care (130). Multimodal psychotherapy, reasoning
training, and cognitive therapy for command hallucinations
(CTCH) have also shown significant improvements compared
to TAU (112, 114, 126, 128). The sample population targeted
in the trials included different phases of the illness, showing
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that an integrated treatment with psychological intervention
and pharmacological treatment could be helpful at any point
of the disease trajectory. On the contrary, no data on the use of
psychological intervention alone on TRP patients are currently
available.

Few methodological issues need to be considered, such as
the type of intervention, characteristics of the sample, including
age of patients as well as stage of the illness, and duration of
the treatment. With regard to the type of intervention, it
has already been observed that all psychological therapies,
including befriending and supportive therapy, may have a
clinically relevant impact, and statistically significant results
are reported in more than half of the trials included in this
review (22 out of 42, see Table 4).

A controversial aspect of psychotherapeutic interventions
in TRP is represented by the fact that psychological
interventions, including CBT, have an effect mainly on positive
symptoms while they seem to be less clearly effective on other
main aspects, such as negative and cognitive symptoms.
Eighteen CBT trials have shown that CBT, in adjunction to
antipsychotics, could produce better outcomes on a variety
of measures than medication alone, but target treatment was
mainly represented by positive symptoms. In fact, negative
symptoms are generally left aside and remained prevalently
persistent in the majority of studies. In some trials, negative
symptoms have not even been evaluated. In summary, 10
studies out of 42 reported a significant reduction of negative
symptomatology: 3 on CBT, 1 on CR, 1 on MCT, 1 on CTCH,
2 on occupational therapy, 1 on art group therapy, and 1 on
psychodynamic interpersonal therapy (see Table 4). These
evidence are also compatible with the result of a recent meta-
analysis on psychological treatments of negative symptoms in
a population of psychotic patients that were not specifically
resistant to treatment (154). In particular, improvement in
negative symptoms has been observed after CBT intervention
in patients who were at any stage of the disease. This
amelioration has resulted in 59% of the studies when CBT was
compared to TAU, while none of the analyzed studies suggested
a benefit of CBT if compared to active controls. Moreover,
another recent meta-analysis for a total of 4,068 patients who
were on average moderately ill at baseline has confirmed the
efficacy of CBT on positive symptomatology (155). A recent
systematic review has newly reported that CR can also have
beneficial effects on negative symptoms, compared to TAU
and TAU plus active control in schizophrenia patients who
were not treatment resistant (68).

Additional researches are needed in order to test “self-
disturbance” (156, 157). Consequently, it would be necessary
“to tailor” psychological treatment aimed at this symptom.
Since the “hyperreflexive attitude” is typical in self-disturbance
and in nonaffective psychosis, CBT might not be the most
suited psychological intervention on these patients. This is
due to the fact that an important feature of this therapeutic
approach is the encouragement of “thinking about thinking”
(14, 158), which is what the patients already do repeatedly in a
pathological fashion (159).

It has been observed that brain dysfunctions, for example,
dopaminergic supersensitivity, could be secondary to
psychological events (74, 160). Furthermore, studies on brain
receptor availability after psychotherapy treatments (both
CBT and psychodynamic psychotherapy) have shown that
a neurobiological alteration can be modifiable or reversible
thanks to psychological interventions (161-164). Further steps
in augmentation with psychological therapy of TRP seem to
be focusing on the total symptomatology, including positive,
negative, and self-disturbance. Considering that symptoms
are part of unitary and complex psychopathology, acting on
one aspect could be partial. On the other hand, publications
on psychodynamic psychotherapy, which is focused on
unconscious dimension, are poorly available; only one paper
referring specifically to TRP patients has been found in this
review (131).

Other critical points are as follows: the characteristics of
the sample, age of patients, stage of illness, and duration of the
treatment. Some gaps have to be highlighted. Firstly, a marked
heterogeneity of the selected sample has been observed in 10
trials, while 11 studies did not take it into account. For instance,
patients at different ages or at difference stages of illness (early
stage, acute or chronic phase) were located in the same group.
For example, 18-year-old patients were in the same group as
40-, 50-, and 60-year-old patients: considering the different
psychopathological conditions and the long-term effects of the
illness (165), patients respond differently.

Furthermore, it has been observed that factors associated
with better outcome include a shorter duration of illness and
less severe symptom at pretreatment (151, 166). In addition,
in the acute phase of psychosis, CBT can produce durable and
substantial clinical benefits (165). Concerning the detailed
diagnosis of TR, if two different types of TRP or TRS (at the
early and at the chronic stage of illness) have been identified,
they should be studied separately and not in the same sample.
Secondly, in the majority of studies, the duration of the
treatment ranged from 4 weeks to 9 months. Only 2 studies
out of 42 (114, 138) used a duration of treatment up to 21-24
months, and in one study (147), the length of intervention
was 12 months. In two studies, therapy was administered in
one single session (112, 126), and in four trials, duration of
treatment was not even specified. A significant recovery could
not be expected during a 2-month treatment period, when
patients are markedly ill and/or chronic with persistent and
expressed negative symptoms of schizophrenia (129). This is
supported by the observations of an increased effect over time of
CBT on mental state (140). For instance, in the selected articles,
a longer duration of treatment can generally show better results
on negative symptoms. On the other hand, recent publications
on the comparison between short- and long-term psychotherapy
have shown contrasting results (167, 168). However, these works
were referred to nonpsychotic patients. A short-term duration
is insufficient for psychotic onset patients, who need to be
treated longer, considering guidelines (169). Finally, according
to our results, as reported in Table 5, group therapy should also
be encouraged, as it is generally well supported by evidence in
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TABLE 5 | Comparison between different group psychotherapies.

Author/type of study Efficacy Comparison between different group therapy Type of therapy

Mandi¢-Gaji¢ G (129) Case reports Yes No Group art therapy

Jacobsen et al. (123) Uncontrolled study Yes No Group Mindfulness

Penn et al. (135) RCT Yes Yes, improvement in ST at posttreatment and in both groups Group CBT, Group ST
at follow-up

Johnson et al. (134) RCT Yes Yes, improvement in both groups with no significant difference Group CBT, Group ST

Barrowclough et al. (132) RCT No No Group CBT

Wykes et al. (137) RCT Yes No Group CBT

Pinkham et al. (136) Pilot study Yes No Group CBT

Pilling et al. (138) Meta-analysis (part of the study No No. No comparison has been made with single FI. Group FI (vs. Individual CBT)

including heterogeneous population: both TRP and Single FI became more efficient than group FI (not statistically

not TRP) significant)

Chadwick et al. (133) Uncontrolled study Yes No Group CBT

Levine et al. (116) Controlled trial Yes No Group CBT

improving persistent positive symptom in both CBT and other
psychological interventions.

Exploratory Meta-Analysis of Cognitive
Behavioral Therapy Interventions

The results obtained from our meta-analytical extraction have
confirmed that cognitive-behavioral psychotherapy is very
effective particularly in the treatment of positive symptoms in
TRS and/or TRP patients. This result is in line with what has
already been found in other studies in the literature. The same
efficacy was not found in the treatment of negative symptoms
while it was only partial in achieving an improvement in the
total scores of patients evaluated in the PANSS. We have also
found that CBT in augmentation with the usual treatment
(TAU) works well in the initial stages and then gradually loses
effectiveness (170). In this regard, we can hypothesize that
schizophrenia worsens over time, making treatment with CBT
more difficult and therefore less effective; moreover, it could
happen that, in the initial stages of treatment, there is a sort of
“feeling of well-being” that does not necessarily coincide with a
real clinical improvement. However, there are very few studies
with a sufficiently long follow-up to clarify these hypotheses. As
regards the low incisiveness of CBT on negative symptoms, we
can hypothesize that patients with more pronounced negative
symptoms and therefore with affective dullness and social
withdrawal are less suitable for this type of psychotherapeutic
approach or that these symptoms require a longer duration of
treatment to be effectively affected. Moreover, given that the few
studies in the literature with a longer follow-up have shown an
efficacy also on the negative symptoms, we can hypothesize that
the patients followed for a longer period may have benefited
from therapeutic adjustments over time as well as from the
CBT. The limits of these results are in some way superimposable
to those already listed above about the systematic review on
the same topic. In addition to what has already been said, the
incompleteness and the partiality of the data at our disposal are
worth noting, as, for example, not all the articles indicated the
dropout rates accurately, or at what time of the treatment they
occurred, or which group they belonged to (cases or controls).

CONCLUSIONS AND FUTURE
RESEARCH DIRECTIONS

Psychotherapy should be considered a potential relevant
therapeutic strategy in adjunction to medication in TRP
patients. An intervention on psychosis that does not consider
an integrative approach could miss a potential effective
component of the treatment. However, few questions need to
be addressed in the future in order to better understand the
role of psychotherapy in TRP. Firstly, it would be appropriate
to start with large-scale multicenter, controlled studies based
on psychotherapeutic approaches (i.e., CBT) that were shown
to be effective in smaller studies and to include patients with
homogeneous domains of symptoms, duration and doses
of antipsychotic treatment, as well as duration of illness.
Secondly, a longer time of treatment should be conceived in
such studies in order to get an adequate signal of the response.
Finally, even if challenging, an important issue is to consider
the inclusion of biological markers (i.e., functional imaging)
before and after the introduction of the psychotherapeutic
augmentation or of the substitution psychotherapy. Moreover,
future studies need to adopt reliable operational outcome
measures for non-CBT studies to allow quantitative extraction
of information and reliable comparison of efficacy measures
for psychological interventions other than cognitive therapy
that are currently almost invariably not assessed in a
controlled, RCT fashion.
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Hypofunctional Dopamine Uptake
and Antipsychotic Treatment-
Resistant Schizophrenia

Davide Amato™, Anna Kruyer', Anne-Noél Samaha? and Andreas Heinz?

" Department of Neuroscience, Medical University of South Carolina, Charleston, SC, United States, 2 Department of
Pharmacology and Physiology, Faculty of Medicine, Université de Montréal, Montreal, QC, Canada, ° Department of
Psychiatry, Charité University Medicine Berlin, Campus Charité Mitte, Berlin, Germany

Antipsychotic treatment resistance in schizophrenia remains a major issue in psychiatry.
Nearly 30% of patients with schizophrenia do not respond to antipsychotic treatment,
yet the underlying neurobiological causes are unknown. All effective antipsychotic
medications are thought to achieve their efficacy by targeting the dopaminergic system.
Here we review early literature describing the fundamental mechanisms of antipsychotic
drug efficacy, highlighting mechanistic concepts that have persisted over time. We then
reconsider the original framework for understanding antipsychotic efficacy in light of recent
advances in our scientific understanding of the dopaminergic effects of antipsychotics.
Based on these new insights, we describe a role for the dopamine transporter in the
genesis of both antipsychotic therapeutic response and primary resistance. We believe
that this discussion will help delineate the dopaminergic nature of antipsychotic treatment-
resistant schizophrenia.

Keywords: schizophrenia, drug addiction, antipsychotic efficacy, antipsychotic-resistant schizophrenia, dopamine
transporter, dopamine synthesis, dopamine release

INTRODUCTION

Schizophrenia is a psychiatric condition often involving a complex genetic predisposition (1-3)
as well as vulnerability to certain environmental factors (4), eventually culminating in symptoms
clinically defined as positive (emergent symptoms, including hallucinations and delusions) or
negative (characterized by loss of a particular function, including apathy and lack of motivation)
(5-7). Additionally, a proportion of patients with schizophrenia are impaired on standard
neurocognitive tasks (8), and this is considered an important correlate of disease severity (9-12).
The fundamental neurobiological maladaptations underlying the symptoms of schizophrenia are not
completely understood. Regardless, sub-chronic blockade of a proportion (60-80%) of dopamine D, 5
receptors (which we will refer to as “D,”) is considered to underlie treatment efficacy in schizophrenia
(13). Previous and recent literature supports the effectiveness of D, antagonism compared to any
alternative pharmacological intervention (14-17). However, blocking dopamine receptors is not
an effective therapeutic mechanism for all individuals with schizophrenia (18-24). For example,
some patients with first-episode psychosis do not respond to antipsychotic treatment (25). Lack of
response to antipsychotic treatment can also be “acquired” and can develop over time with long-term
treatment regimens (23, 26) or can develop after a period of treatment abstinence, such as that which
occurs during medication nonadherence (27-30). In many of these cases, patients unresponsive to
first-line antipsychotic treatments are instead responsive to clozapine (18, 31, 32). Furthermore, there
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exists an additional group of patients with schizophrenia who will
not respond to clozapine or to any other antipsychotic drug. This
category of patients is defined as “ultra-resistant” (18, 33).
Whether all instances of antipsychotic resistance share a
common neurobiological mechanism is not clear (10, 24, 34-39),
nor is there a precise behavioral signature indicating its clinical
manifestation, since criteria to define resistance to antipsychotic
treatment were standardized only recently (40). It is not within
the scope of this review to contribute to the behavioral definition
of treatment resistance in schizophrenia. Rather the focus here
is narrowed onto the putative role of dopamine clearance in the
expression of primary antipsychotic-resistant schizophrenia (i.e.,
patients with first episode psychosis who never responded to
treatment). We do not exclude the possibility that alterations in
other neurotransmitter systems might also be involved, nor do
we exclude that the dopaminergic mechanisms described here
will also apply to other forms of antipsychotic resistance. Simply,
we focus on dopamine, because clinical observations emphasize
the importance of this neurotransmitter in the pathophysiology
of psychosis (41-43) and its treatment (44). Our attention on
dopamine clearance is motivated by recent data from ex vivo
and in vivo studies with animal models demonstrating that
antipsychotic failure is accompanied by tolerance to antipsychotic-
induced increases in basal dopamine and dopamine turnover, and
that the dopamine transporter (DAT) is a key moderator of both
extracellular dopamine and antipsychotic response (35, 38, 45).
The link between preserved, or slightly elevated, dopaminergic
tone and antipsychotic responsiveness has also been observed in
humans with schizophrenia (46). Recent interpretations of these
data suggest that a preserved extracellular dopaminergic tone
might have an important pharmacological role in the therapeutic
efficacy of antipsychotics (24). These observations have been
directly and indirectly supported by independent studies (38,
47-50). Due to space limitations, we will only briefly outline
dopaminergic biomarkers described in the literature that appear
relevant to understanding antipsychotic responsiveness. We will
then conclude with the suggestion that DAT could be a more
powerful moderator of antipsychotic efficacy and failure than
currently recognized. Changes in DAT expression and/or function
alone can alter the expected response to antipsychotic medications,
making DAT a highly relevant protein when considering the
dopaminergic nature of antipsychotic-resistant schizophrenia.

DOPAMINERGIC DYSREGULATION
IN SCHIZOPHRENIA

Before discussing dopaminergic mechanisms of antipsychotic
efficacy, it is important to describe the dopaminergic signaling
abnormalities in schizophrenia that are targeted by antipsychotic
drugs. As described in the Introduction, the underlying etiology
and neuropathology of schizophrenia symptoms are still unclear.
Genetic studies point to associations with genes regulating
neurodevelopment, the immune system, and dopaminergic and
glutamatergic transmission (2, 51), while other studies demonstrate
a potential role for disruption of multiple intracellular signaling
pathways in schizophrenia (52). Furthermore, environmental

factors linked to schizophrenia such as migration or obstetric
infection can change dopamine neurotransmission (4), in addition
to other neurobiological systems (53-58). Despite the many factors
that appear to contribute to schizophrenia, treatment has focused
on correcting a dysregulated dopaminergic system by inhibiting
dopaminergic transmission. However, it should be noted that the
efficacy of pharmacologically targeting the dopaminergic system
in schizophrenia does not definitively prove a dopaminergic
dysregulation. Dopamine has a powerful neuromodulatory role in
the brain and in the basal ganglia in particular and it can regulate
motor activity as well as motivation and cognition. Since all of these
functions are impacted in schizophrenia, it should not be surprising
that many antidopaminergic drugs are effective (or deleterious) for
schizophrenia symptoms, even though the observable symptoms
may have some other underlying cause(s). Thus, the dopaminergic
system should be seen as a treatment pathway capable of affecting
behavioral features that appear to be disrupted in schizophrenia, but
that may be caused by alterations in other neurotransmitter systems.

MECHANISMS OF ANTIPSYCHOTIC
RESPONSIVENESS

Brain dopamine receptor blockade has been embraced as a
mechanism for the therapeutic efficacy of antipsychotic drugs for
over 60 years (9, 59). Thus, very frequently, researchers have focused
on the interactions between molecule(s) and receptor(s) to describe
antipsychotic mechanisms. Although this approach is correct in
principle, practically it may be too simplistic. Receptors do not act
in isolation. Receptors on neurons are connected via synapses and
organized into networks within neuronal circuitries. Receptors are
also functionally linked with intracellular molecular networks that
control membrane excitability, as well as neurotransmitter synthesis,
release, and metabolism, and by these mechanisms, neurons can
regulate their own activity. Due to the nature of neural signaling,
changes in the inactivation or activation of neural receptors with
antipsychotic drugs, or with any other compound, which cause local
intracellular changes, will affect other cell populations through signal
propagation along neural pathways. Thus, antipsychotic medications
can impact neurotransmitter synthesis, release, and metabolism not
only in neurons that directly interact with antipsychotics but also in
those neurons that are part of the same neural circuitry. Therefore, a
proper understanding of the mechanisms underlying antipsychotic
responsiveness should not simply describe the chemical interactions
between antipsychotic drugs and their target receptors, but should
consider modifications induced by antipsychotics at the cellular and
circuit levels. We will focus on neuroadaptations occurring at the
cellular level that link receptors to synthesis, release, and uptake of
extracellular dopamine.

STRIATAL D, RECEPTOR BLOCKADE
IN TREATMENT-RESPONSIVE
SCHIZOPHRENIA

Striatal D, receptor blockade is considered the most effective
mechanism to reduce psychotic symptoms in schizophrenia
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(60, 61). Extra-striatal mechanisms of antipsychotics have
been debated previously (62) and will not be discussed here.
The general theory of the therapeutic efficacy of antipsychotics
builds on two main observations. First, clinical potency of
antipsychotics, including clozapine, is directly related to their
affinity for the dopamine D, receptor in vitro (14, 15). This is
substantiated by evidence that therapeutic concentrations of
antipsychotics in the plasma or in the spinal fluid accurately
match the antipsychotic dissociation constant (K;) at D, receptors
(63). Secondly, therapeutic concentrations of all antipsychotics
(typical and atypical) produce a similar D, receptor occupancy
(13, 59, 64). Although this observation does not strictly apply
for clozapine (21) or quetiapine (65), it has been shown that D,
receptor occupancy in the human brain ranges between 70%
and 80% within 2 h of treatment and remains elevated for over
24 h for both typical and atypical antipsychotics (21, 66, 67). D,
receptor occupancy with clozapine (20) and quetiapine (68, 69),
on the other hand, decreases significantly within 24 h. Based
on these findings, Seeman and Tallerico (63) suggested that the
main difference between typical and atypical antipsychotics is the
temporal decay of antipsychotic binding to the D, receptor when
challenged by endogenous dopamine. In fact, antipsychotics
compete with endogenous dopamine within the synaptic space
and the presence of dopamine would theoretically affect the
concentration of antipsychotic required to reach a particular
range of D, receptor occupancy. Subsequently, it was observed
that the dissociation rate constant, k.4 (rather than association
rate constant, k), largely accounts for the difference in binding
affinity when comparing typical and atypical antipsychotics (70).
This also implies that measurements of D, receptor occupancy
with antipsychotics can be affected by the chemistry of the
radioligands used (i.e., lipid-soluble spiperone, nemonapride
versus water-soluble dopamine, raclopride) (71-73). D, receptor
occupancy by atypical antipsychotics such as clozapine and
quetiapine will be reduced by (*'C)raclopride less so than if lipid-
soluble radioligands such as ("'C)methylspiperone were used
(63, 73, 74). Therefore, differences in D, receptor occupancy
between clozapine, quetiapine, and other antipsychotics could be
influenced by the chemistry of the radioligands used (75). This
intriguing interpretation, developed using in vitro assays, has not
been confirmed functionally. Typical and atypical antipsychotics
dissociate with similar temporal kinetics in electrophysiological
evaluations, suggesting that the reversal of D, receptor antagonism
by typical and atypical antipsychotics does not differ markedly
(76, 77). These contradictory results point to the possibility that
mechanisms other than receptor occupancy may also be involved
in the outcomes of these assays, although we cannot dismiss the
relevance of ligand binding kinetics at D, receptors for achieving
antipsychotic efficacy (24, 38).

STRIATAL D, RECEPTOR DENSITY AND
BLOCKADE IN TREATMENT-RESISTANT
SCHIZOPHRENIA

As already mentioned above, the blockade (or occupancy)
of a proportion of D, receptors is not a working antipsychotic

mechanism for a significant number of patients with schizophrenia
(31). In fact, roughly one-third of individuals with schizophrenia
are resistant to treatment with first-line antipsychotics despite
sufficient D, receptor occupancy (19). Clozapine, which works
at a relatively low (~40%) striatal D, receptor occupancy (20,
21, 78, 79), is the most effective antipsychotic in the majority
of patients refractory to other antipsychotic medications (18,
32, 80). If we hypothetically accept the suggestion that this
outcome is not attributable to D, receptor binding kinetics (77),
we begin to consider other dopaminergic mechanism that may
account for this apparent discrepancy. A growing literature
supports the idea that additional dopaminergic mechanisms
may underlie therapeutic efficacy of antipsychotic drugs (24,
38). Some patients who respond to first-line antipsychotic
treatment experience diminished treatment efficacy over time
(23), which can lead to treatment non-compliance and relapse
(81). Diminished antipsychotic efficacy may also occur despite
stable D, receptor occupancy (82). These dynamics are depicted
in Figure 1. The opposite has also been observed with long-term
antipsychotic efficacy occurring despite decreasing D, receptor
occupancy (89-85).

Acquired resistance to antipsychotics (tolerance) could involve
antipsychotic-induced dopamine receptor supersensitivity,
potentially resulting from D, receptor upregulation, consequent
to chronic D, receptor blockade (34, 86, 87). In patients with
schizophrenia, antipsychotic-induced dopamine supersensitivity
is thought to impair treatment efficacy, promote relapse to
psychosis, and also worsen psychotic symptoms (88-90).
In laboratory animals, antipsychotic-induced dopamine
supersensitivity produces loss of antipsychotic efficacy (35, 91,
92) and an exaggerated behavioral response to dopamine agonists
(35, 93-95). However, the link to antipsychotic-induced striatal
D, upregulation is complex. Changes in levels of dopamine
receptor expression in patients have not been replicated reliably
by independent research groups (96, 97). Recent studies using
animal models also show tolerance to antipsychotics despite
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=== Extracellular dopamine

Antipsychotic Efficacy

FIGURE 1 | Representation of the neurochemical factors affecting
antipsychotic response in humans and animal models. Antipsychotic
response is optimal in concert with elevated extracellular dopamine levels. D,
receptor occupancy is less dynamic and appears stable during time periods
characterized by both therapeutic efficacy and antipsychotic failure.
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clinically representative levels of striatal D, receptor blockade, as
measured either with in vivo imaging (38) or ex vivo receptor
autoradiography (35, 91). Antipsychotic-induced dopamine
supersensitivity and tolerance to antipsychotics can also be
dissociable from changes in striatal D, receptor density (35).
Thus, changes in striatal D, receptor expression are not always
predictive of either changes in antipsychotic efficacy or the
emergence of antipsychotic-induced dopamine supersensitivity
(24, 35, 38, 98, 99), although high doses of antipsychotics may
upregulate striatal D, receptors (100).

Beyond changes in striatal D, receptor density, chronic
antipsychotic treatment can also increase D, receptor function,
and this has been linked to dopamine supersensitivity and
acquired antipsychotic tolerance. When D, receptors are coupled
to G,, proteins, they are in a functional, high affinity state for
dopamine (referred to as D,"CH). When D, receptors are
uncoupled to G, proteins, they are in a functionally inert, low
affinity state for dopamine (D,'°%). As such, the proportion of
D,HISH can modulate dopamine signaling via D, receptors. The
link between antipsychotic tolerance and changes in striatal
D,HIGH sites comes largely from work in animal models showing
that chronic antipsychotic treatment increases striatal D,HGH
levels (35, 91, 101). Antipsychotic treatment regimens that
promote behavioral dopamine supersensitivity and antipsychotic
treatment tolerance produce an even greater increase in D,HGH
sites (91). D,HGH receptor elevation and antipsychotic-induced
dopamine supersensitivity also follow a similar time course
(35). However, D,HGH sites can increase early in antipsychotic
treatment, before any behavioral evidence of dopamine
supersensitivity or treatment tolerance (35). In addition,
antipsychotic dosing regimens that do not produce dopamine
supersensitivity can still increase striatal D, sites (91, 101).
Furthermore, there is no conclusive evidence of elevated D,CH
receptors in patients with schizophrenia [see (102)]. Thus, there
is likely a link between changes in D,"SH sites and acquired
antipsychotic treatment tolerance, but this requires further study.

DOPAMINE D, RECEPTOR ISOFORMS
AND SCHIZOPHRENIA

The majority of the cells expressing D, receptors in the
striatum are neurons with medium-sized cell bodies and spiny
dendrites (medium spiny neurons, MSNs, about 95% of all
cells in this region), which are postsynaptic to dopaminergic
terminals projecting from the midbrain, among other regions
for an overview, see Refs. (24, 103). The striatum also contains
presynaptic D, receptors expressed on dopaminergic axon
terminals, which represent only a small percentage of the total
D, receptor pool found in the striatum and may have a different
molecular structure (104). Accordingly, there are two isoforms
of dopamine D, receptors deriving from alternative splicing of
exon 6 to produce the long (D,;) and the short (D,s) forms of
the protein (105-107) (Figure 2A-C). Both isoforms appear to
regulate dopaminergic firing (108), but only D,g controls Ca**-
mediated autoinhibition (109, 110). Furthermore, post-synaptic
D,g, but not D,; controls MSN excitability in rodents (111) and
likely in humans (112), despite its pre-dominant presynaptic
localization. These effects are likely a consequence of the distinct
molecular mechanisms linked to D, receptor isoforms (113-116)
(Figure 2C).

The expression of D, isoforms in the mammalian brain is
distributed unevenly (Figure 2A). Genomic studies of human
and rodent D, mRNA, which share ~95-99% homology (117),
report that while D,; and D,y mRNA are widely expressed in
the brain, D,; mRNA is highly expressed in the striatum (i.e.,
caudate nucleus and putamen) relative to D, mRNA (117-120).
Investigation of D, protein expression in primates shows that
D, is highly expressed in the striatum and found specifically
on MSNs and cholinergic interneurons, while D,q is instead
expressed on dopaminergic axons (121). In the cortex and
midbrain, D, is mostly expressed on neuronal somata, while
D, is found on somata, dendrites, and axon terminals (121).
Interestingly, high potency antipsychotics (with high affinity
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FIGURE 2 | (A) Uneven expression of dopamine D, receptor isoforms (short, D,sand long, D,,) in the human midbrain (substantia nigra, SN) and striatum
(caudate nucleus and putamen). D, is predominant in the striatum, while D,g is prevalently expressed in the midbrain. This unbalanced D, /D, ratio is observed
across species. (B) Schematic of a synaptic contact between a dopaminergic terminal projecting from SN and a somatodendritic spine in the striatum shows

the unbalanced D,,/D,g ratio on midbrain and striatal neurons. (C) Distinct physiological effects are mediated by the two D, receptor isoforms. Both D,gand D,
receptors inhibit adenylyl cyclase, though D, -mediated inhibition is weaker, via Ga,and G, respectively. D,¢ stimulation leads to phosphorylation of tyrosine
hydroxylase (TH) at serine 40 in nigrostriatal dopaminergic neurons, whereas D,, stimulation leads to phosphorylation of dopamine and cAMP-regulated
phosphoprotein of 32 kDa (DARPP-32) at threonine 34, in medium spiny neurons. D,g, but not D, , activates G protein-gated inwardly rectifying potassium (GIRK)
conductance, which is Ca?* sensitive. D,g, but not D,, inhibits excitation in response to glutamate (Glu) currents.
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for the D, receptor) appear to selectively bind those receptors
expressed in the striatum (a structure with high D, /D, ratio)
(122, 123), supporting the notion that antipsychotics could
bind both D, isoforms, but that effective antipsychotic doses
would bind largely D,; and only a small proportion of total D,g
receptors in the brain. Although this possibility is not completely
supported from binding studies using cloned D, receptors in
cultured cells (124-127), saturation binding studies and in vivo
studies with ED50 antipsychotics using transgenic mice (i.e.,
D, receptor knockout mice) appear to confirm an antipsychotic
selectivity for D,; (128-131). Consistent with these observations,
humans studies have shown that more effective antipsychotics
have higher D, receptor occupancy in the striatum than in the
midbrain (SN) (132, 133).

Postmortem studies using brain tissue from patients with
schizophrenia that received antipsychotic treatment prior to
death demonstrate a significant increase in D,y mRNA in the
caudate nucleus (134), arguing in favor of specific adaptations of
D,, in response to chronic blockade with antipsychotics. Studies
have reported that D, receptor mRNA adaptations with chronic
D2 blockade might (135, 136) or might not (137) associate with
membrane receptor expression suggesting that post-transcriptional
mechanisms might more robustly control D, receptor trafficking
(138). Other studies instead demonstrate direct links between
gene transcription and D, receptor expression selectively in the
striato-pallidal pathway (139). Currently, the precise action of
antipsychotics on the D, receptor isoforms is still inconclusive
despite strong evidence from these studies with transgenic rodents.

DOPAMINE SYNTHESIS, RELEASE,
AND UPTAKE

Dopamine levels in schizophrenia are thought to be higher
than in healthy individuals especially during psychotic episodes
(140) and antipsychotics are intended to reduce this increased
dopamine signaling (13). But it is unclear how this could
occur when narrowly considering only D, receptor occupancy
(24). D, receptors are expressed in the dendrites, somata, and
terminals of dopaminergic neurons (autoreceptors) and in
postsynaptic neurons (heteroreceptors). Dopamine stimulation
of D, autoreceptors at terminals decreases synaptic dopamine
release, while stimulation of somatic D, autoreceptors instead
decreases the firing activity of these cells (141). Acute application
of antipsychotics with high affinity for the D, receptor has been
found to increase dopamine release in projection areas (142),
and this increase in dopamine is only minimally driven by
increased dopamine neuron firing (143, 144), since application
of antipsychotics directly onto somatic autoreceptors of midbrain
dopamine neurons causes only modest dopamine release (145).
Also, postsynaptic D, heteroreceptors can moderately regulate
extracellular dopamine in the striatum via GABA transmission,
especially if autoreceptors are hypofunctional (131). Altogether,
these seminal studies suggest that antipsychotics most effectively
control dopamine transmission by targeting receptors in
terminals found in the striatum. Interestingly, since most of
the striatal receptors are heteroreceptors and only modestly

control dopamine release, increases or decreases in extracellular
dopamine levels (35, 45) are likely mediated by other mechanisms
impacted by antipsychotics (38). These regulatory mechanisms
include modifications to dopamine synthesis, release, and uptake.

Synthesis: Early studies demonstrated that acute antipsychotic
treatment increased dopamine synthesisin in vitro (146, 147) and ex
vivo preparations (148) as well as in vivo in rodents (149, 150). This
was thought to be mediated by direct modification of the enzyme
tyrosine hydroxylase (TH) (151, 152). However, later studies
could not find changes in dopamine synthesis in vivo in human
striatum, while comparable doses of antipsychotics appeared to
increase dopamine synthesis in animals (153), thus only partially
confirming previous work (149). While this discrepancy between
rodents and human data was not clarified, a different enzymatic
pathway for the synthesis of dopamine (TH vs. aromatic amino
acid decarboxylase, AAAD) in rats and humans seemed a plausible
explanation (153, 154). The regulation of extracellular dopamine
through an autoreceptor-based mechanism of dopamine synthesis
using antipsychotics is complex. In fact, studies have shown that
decreasing dopamine synthesis has no therapeutic antipsychotic
efficacy (155), and though antipsychotic treatment can either
increase or decrease dopamine synthesis capacity (DSC, DOPA
decarboxylase mediated L-DOPA conversion to dopamine)
independently from D, receptor blockade (156), both effects are
associated with an improvement of symptomatology (157-159).
These contrasting findings may result in part from the very
complex molecular machinery that co-regulates DAT, TH, and
D, autoreceptors (160-163), making it unlikely that antipsychotic
medications will affect this machinery in a predictable manner.

We previously found that TH expression was not changed
by effective doses of typical and atypical antipsychotics in
animal models (38). However, TH expression increased when
antipsychotics were no longer effective, and this was positively
correlated with increased DAT expression (38). Interestingly,
although TH expression did not change during antipsychotic
efficacy, extracellular dopamine increased and vesicular release of
dopamine decreased, suggesting that antipsychotics contributed
to modulation of extracellular dopamine via reduced uptake
rather than modified synthesis. Thus, changes in extracellular
dopamine levels can be independent from the synthesis rate and
may rely more on autoinhibition and uptake (38, 164), and/or a
compensatory activity of TH (160).

Release: The idea that antipsychotics control dopamine
release primarily by D, autoreceptor blockade first emerged
with the results of early molecular pharmacology experiments
(146, 147, 165-167) showing that antipsychotics revert the
inhibitory effects of apomorphine. Subsequent microdialysis
(142) and electrophysiological (144) studies supported these
early molecular findings. However, most of the results from
these early studies have been obtained with limited experimental
preparations such as synaptosomes (146, 165, 167) or have
involved the use of neurotoxins to destroy post-synaptic neurons
in freely moving microdialysis (142), which incurs severe brain
lesions. Thus, the significant interaction of antipsychotics with D,
autoreceptors found in these early studies should be considered in
light of the fact that these manipulations can disrupt the natural
organization of structures within the brain. Therefore, whether
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therapeutic doses of antipsychotics in vivo control dopamine
release uniquely through D, autoreceptors is not completely
clear (141). Contemporary researchers working when these early
studies were conducted acknowledged that this mechanism was
only partially plausible (146, 147, 165). Furthermore, the fact that
clozapine, which has moderate binding affinity for D, receptors
relative to other antipsychotics (78), is as effective as high potency
antipsychotics at increasing depolarization by D, autoreceptor
blockade (144) likely suggests that mechanisms other than D,
autoreceptor antagonism may be involved in the regulation of
dopamine output by antipsychotics. One mechanistic possibility
is that, at least for atypical antipsychotics, dopamine release is
modified by serotonergic mechanisms. But this is unlikely to fully
account for antipsychotic-induced dopamine release, since both
typical and atypical antipsychotics evoke release of dopamine
(38), but typical antipsychotics have much lower affinities at
5-HT receptors compared to second-generation therapeutics [for
an overview, see Refs. (168, 169)].

Another possibility as to how antipsychotics regulate striatal
dopamine output is through their direct impact on the vesicular
exocytosis at active zones linked with Ca?* channels (170, 171). We
previously reported that typical and atypical antipsychotics can
accumulate in synaptic vesicles of cultured hippocampal neurons
through an acidic trapping mechanism and inhibit Na* channels
upon release. The inhibition of Na* channels leads to feedback
inhibition of Ca?* influx and reduced vesicular dopamine release
(171). We tested this mechanism using antipsychotic treatment
regimens reflecting clinically relevant outcomes of antipsychotic
efficacy and resistance and found that exocytosis-mediated
dopamine release was regulated in distinct ways at different points
during haloperidol treatment (38). Specifically, haloperidol
inhibited dopamine exocytosis in sub-chronic regimens, i.e., <6
days and during treatment efficacy, while dopamine exocytosis
was enhanced during chronic antipsychotic treatment associated
with loss of behavioral efficacy (38). This distinct regulation of
vesicular release of dopamine during sub-chronic versus chronic
haloperidol might reflect the involvement of two different
mechanisms in which K* channels mediate the inhibition of
vesicular release, while Na* channels counteract this inhibition
(38). Antipsychotics can regulate dopamine release by directly
binding the open state of K* channels (i.e. Kv4.3) during
depolarization and accelerating the decay rate of inactivation
(172-174). This mechanism of action can regulate dopamine
release over time independent of depolarization blockade by
modifying the intrinsic excitability of dopaminergic neurons
(175). Further, changes in K* conductance can shunt the effects
of innervating signals onto dopaminergic neurons, preventing
changes in dopamine release. One additional mechanism
through which antipsychotics may impact dopamine release
involves elevation in extracellular dopamine as a consequence of
antipsychotic-induced DAT blockade (38), which may activate
GIRK currents at axon terminals through an interaction between
D2 autoreceptors (24, 38) and Kvl channels (176). We found
that K*-mediated release of dopamine is differentially affected
during antipsychotic efficacy and failure in freely moving mice
undergoing treatment, although it is not yet known if this is due
to a direct action of antipsychotics on K* channels or is instead

mediated indirectly by elevated endogenous dopamine. Thus,
multiple lines of evidence point to the capacity of antipsychotics
to impact dopamine release, even though they may not necessarily
impact dopamine synthesis.

Uptake: In order to appreciate the core mechanism of
antipsychotics, it is essential to understand how antipsychotics
influence the temporal dynamics of dopamine signaling in the
extracellular space within the striatum, the locus of psychosis (9).
Data from early studies described above provided copious evidence
that antipsychotics block D, receptors and that this is sufficient to
restore dysregulated dopamine signaling in many human patients,
at least for some period of time. However, these early studies
did not distinguish appropriately between antipsychotic action
on pre- and post-synaptic D, receptors (141), and it is therefore
unclear which D, receptor type accounts for the clinical outcomes
generated by antipsychotics (24). Likewise, it is not clear what
happens to dopamine released into the extracellular space when
antipsychotic drugs prevent its binding to D, receptors (24, 38,
169). Under normal physiological conditions, most extracellular
dopamine is recycled by means of re-uptake by DAT and remaining
transmitter diffuses away (177). Dopamine re-uptake terminates
dopaminergic signaling and prevents toxic consequences of
excessive dopamine (178). Accordingly, extracellular dopamine
concentration and DAT availability are directly correlated (179).
In the absence of DAT-mediated dopamine re-uptake, no other
mechanism can maintain homeostatic control of presynaptic
function (180), although dopamine spillover also appears to
play crucial role in deactivation of dopamine signaling (181).
Once dopamine is collected into presynaptic terminals, most of
it is recycled and packaged into vesicles (182). The remainder is
metabolized enzymatically within the cytosol (180, 183). Therefore,
extracellular dopamine concentration is the outcome of dopamine
release and clearance (184, 185), and it is of therapeutic relevance
to understand how antipsychotics modify this balance (38).

ANTIPSYCHOTIC ACTION ON DAT

Previous meta-analytical studies have found no consistent evidence
for DAT changes in schizophrenia (186), and autoradiographic
studies found no antipsychotic-induced changes in DAT density
labeled with [*I]RTI-121 ([125I]2 beta-carboxylic acid isopropyl
ester-3 beta-(4-iodophenyl)tropane) (187, 188). However, other
investigations discussed above report that direct blockade of
dopamine uptake contributed to the elevated extracellular
dopamine in response to acute antipsychotics (146, 147, 165, 189),
although the technology at the time did not allow for a clear
distinction between release and uptake kinetics. More recent studies
using fast scan voltammetry demonstrated that antipsychotics
with high affinity for D, receptors enhanced dopamine half-life
by nearly 50% via direct DAT blockade and antagonism of D,
autoreceptors (190-192). Accordingly, a delayed dopamine half-
life results from direct inhibition of DAT, since the decay phase of
stimulated dopamine overflow entirely depends on uptake (193). In
support of this, striatal slice recordings showed that antipsychotics
do not enhance dopamine release after the first stimulation
(192), contradicting the idea that D, autoreceptor antagonism by

Frontiers in Psychiatry | www.frontiersin.org

107

May 2019 | Volume 10 | Article 314


https://www.frontiersin.org/journals/psychiatry#articles
https://www.frontiersin.org/journals/psychiatry
www.frontiersin.org

Amato et al.

Dopamine Uptake in Treatment-Resistant Schizophrenia

antipsychotics blocks autoinhibition in slices. The direct inhibition
of DAT with antipsychotics occurs at low affinity and antipsychotics
are less potent than more selective DAT blockers like nomifensine
(194-196). This helps us interpret the apparent lack of association
between antipsychotics and DAT changes reported by previous
studies with low sensitivity methods (187, 188). Since uptake is
the main route of elimination of extracellular dopamine (180, 197)
and the kinetics of diffusion are independent from release and
uptake (177), then DAT blockade by antipsychotics could explain
the increase in dopamine and dopamine metabolites observed in
previous microdialysis studies (198-202) as well as the prolonged
half-life of dopamine stimulated by K* (189).

Additional findings from ex vivo studies support a direct
interaction between antipsychotics and the DAT. Under normal
physiological conditions, increased dopamine release rapidly
upregulates DAT membrane expression (203, 204). Effective
doses of antipsychotics given sub-chronically (i.e., 2-6 days)
inhibits the production of DAT mRNA, but does not alter striatal
DAT membrane expression (38). These effects are reversed
(i.e., upregulation of DAT mRNA and protein) during chronic
antipsychotic treatments associated with loss of behavioral efficacy
(38). We and others (205) have found similar DAT adaptations in
vivo (38). MicroPET imaging using [18F]FP-CMT ([18F] N-3-
fluoropropyl-2-beta-carbomethoxy-3-beta-(4" methylphenyl))
nortropane, with superior properties for imaging the DAT in the
living brain (38, 206), was applied to rats at baseline and follow-up
(i.e., during loss of antipsychotic efficacy). Rats show an increase
in DAT availability (binding potential; BPy,) during antipsychotic
failure, suggesting the putative relevance of dopamine clearance
for achieving antipsychotic therapeutic response, at least in
animal models. Interestingly, changes affecting DAT expression
and corresponding behavioral responses to antipsychotics are
accompanied bya stable and clinically relevant D, receptor blockade
(69%) and by increased or decreased extracellular dopamine in
the striatum, during the expression of antipsychotic efficacy and
failure, respectively (35, 45). Furthermore, the importance of DAT
function in antipsychotic efficacy is supported by genetic studies
showing an association between clozapine efficacy and DAT gene
polymorphism (207). Regarding the question of where dopamine
goes when both presynaptic and postsynaptic D, receptors are
blocked, these studies suggest that it might be captured by DAT,
which is upregulated by clinical doses of antipsychotics (38).
However, contrary to the obvious theoretical expectation that
reduced dopamine would optimize antipsychotic therapeutic
response, we found that it coincided with loss of antipsychotic
efficacy. This counterintuitive result has been elaborated elsewhere
(24, 38), but it will be briefly recapitulated in the next section and
discussed in the context of antipsychotic-resistant schizophrenia.

DOPAMINE AUTOINHIBITION AS
A FEATURE OF ANTIPSYCHOTIC
RESPONSIVENESS

We have previously proposed a model of antipsychotic efficacy,
based on the potential therapeutic properties of endogenous
dopamine, by taking into account a number of factors encountered

in the clinic and in experimental studies with humans and animals
(24, 38). We suggested that antipsychotic efficacy, as observed in
animals treated with continuous doses of antipsychotics reaching
clinically relevant D, receptor blockade, is driven by dynamic
interactions between endogenous dopamine and presynaptic D,
receptors. This suggestion is justified by independent but related
findings showing that antipsychotic efficacy occurs in conjunction
with high striatal extracellular dopamine in humans and animals
(35, 38, 45, 46), while only a proportion of the total striatal D,
receptors are blocked with antipsychotics in human patients
(13, 62) and animals (35, 38). On the other hand, antipsychotic
treatment failure is observed when extracellular dopamine (35, 38,
45), but not D, receptor blockade (38), is decreased (Figure 1). This
fluctuation in extracellular dopamine and antipsychotic response
over continuous treatment regimens characterized by stable
D, receptor blockade led us to hypothesize that antipsychotics
impact the interaction between endogenous dopamine and
the D, receptor pool available for binding. Under physiological
conditions, spontaneous release of dopamine stimulates a greater
proportion of D, than D, receptors (208, 209) and antipsychotics
can bind to all dopamine receptors (24, 210). Therefore, when
therapeutic doses of antipsychotics reach the brain, about 70% of
D, receptors will be blocked along with a modest proportion of D,
receptors. As a consequence, endogenous dopamine will interact
with spare dopamine receptors and particularly with D, receptors,
since this type, relative to D, receptors, is stimulated by low levels
of dopamine (209). The resulting neuronal response will be
dictated by the molecular characteristics of the D, receptors (i.e.,
G,;, inhibitory coupled protein). During phasic dopamine release
(i.e., that which would be expected to induce a psychotic episode
in schizophrenia), dopamine reaches presynaptic autoreceptors,
producing antipsychotic-dependent dopamine-mediated
autoinhibition and a corresponding antipsychotic efficacy (24, 38).

This autoinhibition might be mediated by the D,gisoform
since the two splice variants have distinct functions and are
unevenly distributed within the striatonigral dopaminergic
circuitry (Figure 2A, C). Furthermore, antipsychotics appear
to preferentially bind dopamine receptors in the striatum
(123), a brain structure with predominant expression of
D, as discussed above, and dopamine exhibits higher
binding affinity for D, in transgenic mice (130) and in cell
culture (113). Together these data suggest that therapeutic
doses of antipsychotics in the brain cause a functional
segregation of D,gand D,;, which based on the data available
until now could overlap with a functional segregation
of pre- and post-synaptic D, receptors (Figure 2A, C).
It should be noted that both isoforms are expressed in pre-
and post-synaptic neurons and the functional segregation
might also occur within the same cells (Figure 2B). In support
of this theory are studies with human schizophrenia patients
demonstrating selective reduction in expression of D, mRNA
(211), potentially indicative of a desensitization of the short
isoform in response to increased dopamine activity on this
receptor. On the other hand, postmortem studies also show
that D, mRNA is upregulated in patients with schizophrenia
(212), which may indicate an adaptive response to chronic
blockade (119).
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Since phasic discharge leads to large extracellular increases
in dopamine (213) and is thought to underlie psychotic
experiences (9, 41, 46, 140, 214-217), we propose that a
therapeutic antipsychotic response is obtained by antipsychotic
drugs when an adequate proportion of D, receptors is blocked
and extracellular dopamine levels are sufficiently elevated to
trigger autoinhibition. This crucial combination of effects is
achieved by the direct blockade of DAT by antipsychotics (38,
146, 147, 165, 189), which allows for an accumulation of synaptic
dopamine that reduces the threshold at which phasic dopamine
activates homeostatic autoinhibition. The antipsychotic-induced
facilitation of dopamine autoinhibition, mediated by DAT
blockade and D, autoreceptor stimulation, which may serve as
an antipsychotic mechanism is depicted in Figure 3. Although
we have arrived at this hypothesis by analyzing multiple
experimental observations, which sometimes lack corresponding
human studies, our functional predictions on the association
between extracellular dopamine and antipsychotic therapeutic
responsiveness in humans and animals have been observed by
a number of independent groups (35, 38, 45-48, 49, 218). In
the following section, we will provide naturalistic examples of
the potential importance of functional DAT to understanding
antipsychotic-resistant schizophrenia.
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FIGURE 3 | Representation of the hypothesized pharmacological mechanism
underlying a therapeutic response in schizophrenia based on human and
animal studies. Therapeutic doses of antipsychotic drugs (APDs) block about
70% of striatal D, receptors. APDs mostly block heteroreceptors, which are
more often D, than D,g, as well as a smaller proportion of autoreceptors
(which are more often D,g than D,,). APDs also block the dopamine
transporter (DAT). The combined blockade of D,,_heteroreceptors and DAT
causes synaptic accumulation of dopamine that allows stimulation of spare
D,greceptors. Phasic release of dopamine in response to environmental
changes will trigger an enduring autoinhibition since extracellular dopamine
levels are already elevated. We hypothesize that the autoinhibition triggered
by a phasic discharge of dopamine during antipsychotic treatment is the
mechanism underlying a therapeutic antipsychotic response.

THE ROLE OF DAT IN ANTIPSYCHOTIC-
RESISTANT SCHIZOPHRENIA: LESSONS
FROM AGING AND DRUG ADDICTION

If extracellular dopamine levels contribute to the generation
of a therapeutic antipsychotic response and DAT is the main
physiological regulator of extracellular dopamine levels, then
DAT should have arole in the expression of antipsychotic-resistant
schizophrenia. Furthermore, if DAT activity quickly adapts to
changes in extracellular dopamine, then it would be surprising if
DAT was unaltered in schizophrenia, a disorder with symptoms
attributed to dysregulated dopamine neurotransmission. We have
described above how blockade of DAT may be a critical factor in
antipsychotic efficacy, since DAT blockade allows accumulation
of extracellular dopamine and consequently dopamine-mediated
autoinhibition upon phasic transmitter release. We have also
described research showing that antipsychotics given to rodents
at therapeutic doses induce DAT upregulation during loss of
behavioral efficacy (38). The loss of efficacy in this scenario
coincides with a reduction in extracellular dopamine, which
we predict reduces the capacity of dopaminergic terminals
to undergo autoinhibition upon phasic release. On the other
hand, we introduce below an additional scenario in which
reduced expression of DAT may also prove deleterious in terms
of antipsychotic therapeutic efficacy. Although theoretically
low DAT expression would allow accumulation of extracellular
dopamine, which we hypothesize is essential for therapeutic
efficacy (Figure 3), proteins regulating extracellular dopamine
levels including DAT, D, autoreceptors, ion channels, and
dopamine synthesis machinery appear to be co-regulated (131,
160-163, 172). Thus, DAT downregulation at the expression
level may also negatively impact the capacity of dopaminergic
terminals to undergo autoinhibition. We predict that
downregulation of proteins regulating physiological dopamine
neurotransmission at baseline (i.e., tonic neurotransmission)
could be the underlying neurobiology of primary antipsychotic
treatment-resistant schizophrenia. Figure 4 depicts a scenario
in which the absence of autoinhibition due to ablated DAT
expression and autoreceptor co-regulation allows for an enduring
stimulation of free unbound post-synaptic receptors, leading
to psychosis despite a reduction in dopamine release overall.
We can characterize this condition as a form of dopamine
supersensitivity driven entirely by presynaptic adaptations.
Although DAT expression has been found to change in animal
models of antipsychotic responsivity, it cannot be assumed that
the same mechanism applies in humans with schizophrenia.
Indeed, data may differ across species as already shown with D,
receptor binding (219) and dopamine synthesis (153). Therefore,
why should this principle of species incompatibility not also
apply for dopamine uptake? We can gain a better understanding
of this issue only after testing it in human patients.

Aging

Meta-analytical studies report that DAT levels in schizophrenia
are mostly decreased, unchanged, and sometimes increased
(186). These data were obtained mostly with untreated patients
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FIGURE 4 | Representation of the pharmacological mechanism underlying the absence of therapeutic response in antipsychotic-resistant schizophrenia based
on our model. (Left) Aging and/or addictive drugs consumed before antipsychotic treatment begins (i.e., in first episode psychosis) lead to reduced expression of
the dopamine transporter (DAT), D, autoreceptors, and tyrosine hydroxylase (TH), as these proteins appear to be co-regulated, at least in rodents. (Right) During
environmentally evoked phasic dopamine release, impaired capacity for autoinhibition results from low levels of DAT and D, autoreceptors. The resulting post-
synaptic stimulation contributes to psychosis despite a significant blockade of D, receptors by antipsychotic drugs (APDs).
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and therefore we hypothesize (24, 38) that the variability of
these results was consequent to genetic factors (220-222) and
age. For example, DAT density can decrease with age (223).
Based on our proposal, reduced DAT expression as a result of
aging can decrease autoinhibition mediated by antipsychotics,
due to the co-regulation of autoreceptors described above, and
thus reduce antipsychotic response. Interestingly, many of the
patients that participated in the aforementioned study were
~40 years old, the age associated with a decline in DAT density
(186). It would have been of interest to administer antipsychotics
to these individuals and measure their responsiveness. Perhaps,
they would have been non-responsive or less responsive than
younger individuals and/or those with higher DAT availability.
However, these were not the aims of those studies. In support of
this suggestion, a previous study (19) showed that the average age
of patients with treatment-resistant schizophrenia was 42 years
old, while patients responsive to treatment were 25 on average.
Interestingly, the treatment with antipsychotics yielded similar
levels of D, receptor occupancy (19).

Aging is an important factor underlying neuropharmacological
responsiveness mediated by the dopaminergic system, since D,
receptors and DAT expression decline naturally in healthy aging
individuals (224-229). The reduction in D, receptor and DAT
expression is unrelated to dopamine neuron loss (229) and has
profound consequences on the antipsychotic therapeutic dosing
required to obtain therapeutic responsiveness in schizophrenia
(230). Aging can also reveal genetic predisposition to suboptimal
DAT and D, receptor functions affecting cognitive performance
in healthy individuals (231), and it can trigger degeneration
of dopaminergic neurons through increased nitrative damage
resulting from excess cytosolic dopamine due to an imbalance
in DAT/VMAT (vesicular monoamine transporter-2) expression
(232). This form of toxicity, deriving from an excess of
cytosolic dopamine, has relevance to understand some of the

extrapyramidal symptoms (232) and the loss of brain tissue in
patients with schizophrenia (233). Although it is not clear if
DAT changes are a main player in maladaptive functional and
structural changes, both are often observed in schizophrenia
and might affect antipsychotic response in elderly patients
with schizophrenia (234, 235). While aging could explain the
expression of antipsychotic treatment resistance in older patients,
it is not yet clear why DAT function would affect antipsychotic
responsiveness in younger individual with schizophrenia.
A theoretical suggestion is provided in the following section.

Drug Addiction in Schizophrenia
Epidemiological studies report that nearly half of patients with
schizophrenia also suffer from drug addiction (236, 237). This is
about four times more prevalent than in the general population
(238). If we consider that the recreational consumption of
addictive drugs is common in the general population (ie.,
84% for alcohol consumption), but only a small proportion of
individuals exposed to drugs of abuse become drug addicted
(239, 240) and that this happens about four times more often in
patients with schizophrenia, then it is possible that many of the
remaining ~50% of patients with schizophrenia without formal
diagnosis for drug addiction likely consume at least some class of
addictive drugs as well. The most commonly consumed drugs in
patients with schizophrenia include alcohol, psychostimulants,
cannabis, and tobacco (236-238). It has been suggested that
patients with schizophrenia may use illicit substances to self-
medicate their symptoms (236, 238, 241) as well as the side
effects of antipsychotic medications (242), as self-medication
with addictive drugs is indeed common in patients with mental
illness (243).

All addictive drugs impact the dopaminergic system in
the midbrain and in striatal structures (244, 245), a main
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component of the brain reward circuitry (246), and likely
will also impact the DAT (221, 247-253). We theorize that
consumption of substances of abuse to medicate pre-psychotic
symptoms during the prodromal period is very likely to trigger
psychotic episodes, and importantly, to weaken (or blunt)
antipsychotic response since repeated exposure to addictive
substances (including psychostimulants, cannabis, tobacco,
alcohol and heroin) can decrease DAT membrane expression
(248-253). This suggestion is based on our model describing
the importance of functional DAT to facilitate antipsychotic
mediated autoinhibition (Figure 3).

Although reduced DAT expression might be assumed to
promote the effectiveness of antipsychotics, since uptake blockade
with antipsychotics results in synaptic accumulation of dopamine
and facilitates autoinhibition upon phasic dopamine release,
receptor desensitization due to a corresponding downregulation
(or phosphorylation) of autoreceptors may prevent the occurrence
(or reduce the likelihood) of autoinhibition altogether (Figure 4).
Not only are the DAT and D, autoreceptors co-regulated, along
with ion channels and the dopamine synthesis machinery
(131, 160-163, 172), but reduced DAT, reduced D, receptor
expression, and reduced dopamine release can all be found in
human psychostimulant users (254) and are linked to blunted
striatal dopaminergic transmission in human patients with
co-morbid schizophrenia and drug addiction (255).

It should be noted that the mechanisms described here and
depicted in Figure 4 apply to the primary form of antipsychotic-
resistant schizophrenia and not to acquired antipsychotic
resistance (i.e., tolerance) observed in humans (23) and in animal
models (35, 38,45, 91). This distinction is fundamental since DAT
plasticity underlying the acquired resistance to antipsychotics is
different than what is described here. In fact, based on our own
findings from animal models, chronic antipsychotic treatment
up-regulates DAT (38), while other studies with humans
and animals show that repeated exposure to addictive drugs
reduce DAT (254, 256) and both conditions can lead to lack of
antipsychotic response [see Ref. (38) for an expanded discussion
of acquired antipsychotic resistance and Figure 4 for a depiction
of primary resistance]. The description of several forms of DAT
plasticity induced by psychotropic drugs is beyond the scope of
this paper, but it should be acknowledged that the reduction of
DAT expression with chronic addictive drug use is not absolute
and is sensitive to several factors including treatment regimen,
drug class, among others, as summarized in these interesting
studies (257-259).

Antipsychotic-Resistant Schizophrenia:

A Hypothetical Example

A young person who may not be aware of an underlying genetic
predisposition to psychosis who becomes exposed to substances
of abuse at the same rate as other non-predisposed individuals
may risk impacting his or her capacity to buffer excess
extracellular dopamine via drug-induced downregulation of
DAT expression. This individual may seek medical intervention
upon first experience of psychosis, at which time he or she will
receive antipsychotic treatment and may already face reduced

therapeutic efficacy due to the drug-related changes in DAT
expression. On the other hand, if patients have no history of
addictive substance consumption before starting antipsychotic
treatment and begin using moderate doses of addictive drugs
thereafter, we speculate that the effects of antipsychotics and
certain categories of addictive substances on the expression
and function of the dopaminergic machinery (DAT, TH, D,
receptors) may counterbalance one another (24), producing
some therapeutic efficacy for a period of time. This might explain
the high rate of smoking and use of illicit substances among
patients with schizophrenia.

In summary, we propose that antipsychotic efficacy in patients
with schizophrenia and particularly the contribution of DAT
expression to antipsychotic response may be influenced by
genetic factors as well as environmental factors such as age or
history of drug use/abuse. We hypothesize that a history of drug
use prior to onset of schizophrenia could be a potential risk factor
to becoming antipsychotic treatment resistant, since previous
exposure to addictive substances may decrease DAT expression
and impair the synaptic machinery required for autoinhibition,
which we theorize underlies antipsychotic responsiveness
during medical intervention in schizophrenia. Antipsychotic-
resistant schizophrenia patients may still respond to clozapine
despite reduced DAT expression, because clozapine in particular
stimulates serotonin release [for an overview, see Refs. (168,
169)], which suppresses dopaminergic firing (259-262) and
thus may compensate for the absence of dopamine-mediated
autoinhibition. Though based on a breadth of clinical and bench
research, this theoretical suggestion is speculative and requires
validation. A more thorough evaluation of this possibility might
entail assessment of patient demographics, including history of
drug use or abuse, as well as the drug classes used and frequency
of use, along with a history of therapeutic responsiveness or
resistance when treated with typical or atypical antipsychotics.

CONCLUSION

Although we acknowledge the genetic and neurobiological
complexity of schizophrenia and its relevance for the efficacy
of pharmacological treatment, we propose that sufficient DAT
expression in the brains of patients with schizophrenia may be
necessary for an adequate antipsychotic response in first episode
psychosis. Particularly, we suggest that the antipsychotic-
mediated reduction in dopamine re-uptake by direct DAT
blockade allows accumulation of dopamine in the synaptic cleft,
which increases the efficiency by which phasically discharged
dopamine triggers presynaptic autoinhibition. Furthermore,
given the apparent selectivity of antipsychotics for the D,
isoform and the predominant presynaptic expression of D,qin
the midbrain, phasic dopamine is likely to activate D,, which
specifically reduces neuronal excitability. Thus, the functional
and spatial segregation of the D, receptor isoforms within the
striatum and midbrain may contribute to the generation of an
antipsychotic response. We further propose that consumption
of addictive drugs prior to onset of schizophrenia symptoms
might reduce expression of both DAT and D, autoreceptors and
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will increase the risk of antipsychotic resistance upon treatment.
Similarly, since DAT and D, receptor expression decline with age,
aging itself may serve as a risk factor for antipsychotic resistance.
Although these hypotheses require further validation, our theory
points to the importance of a functional level of membrane
DAT expression in patients with schizophrenia in order to gain
therapeutic benefit from antipsychotics.
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(TRS), continues to present a major therapeutic challenge to psychiatry. The main impediment
to finding novel treatments is the lack of understanding of precise molecular mechanisms
leading to TRS. Not only has the neurobiology been enigmatic for decades, but accurate
and early detection of patients who are at risk of not responding to dopaminergic blockade
remains elusive. Fortunately, recent work has started to unravel some of the neurobiological
mechanisms underlying treatment resistance, providing long awaited answers, at least to
some extent. Here we focus on the scientific advances in the field, from the clinical course of
TRS to neurobiology and available treatment options. We specifically emphasize emerging
evidence from TRS imaging and genetic literature that implicates dysregulation in several
neurotransmitters, particularly dopamine and glutamate, and in addition genetic and neural
alterations that concertedly may lead to the formation of TRS. Finally, we integrate available
findings into a putative model of TRS, which may provide a platform for future studies in a bid
to open the avenues for subsequent development of effective therapeutics.

Keywords: schizophrenia, treatment-resistant, neurobiology, neuroimaging, clozapine

INTRODUCTION

Almost one third of patients with schizophrenia do not respond to dopamine (DA) blocking
antipsychotic medication and are described as being treatment-resistant (1). Although clozapine
can be effective in these patients, there is usually a long delay before it is used, and what is more
around half of treatment-resistant patients do not respond to clozapine (2, 3). Treatment-resistant
schizophrenia (TRS), is thus associated with particularly poor clinical outcomes (4), and presents a
major therapeutic challenge to psychiatry. One of the main impediments to finding novel treatments
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for TRS patients is the lack of understanding of the molecular
basis of TRS, despite over 50 years of scientific work in this field.
Moreover, biomarkers that can identify patients who are unlikely
to respond to conventional treatment remain elusive. Fortunately,
recent work has started to unravel some of the mechanisms
underlying treatment resistance. Here we describe these scientific
advances and propose an integrated model of TRS that may
facilitate the identification of biomarkers for TRS and provide a
rationale for the development of novel therapeutic approaches.

Defining Treatment-Resistant
Schizophrenia

Prior to embarking on finding reliable biomarkers and conduct
promising clinical trials, it is of crucial importance to precisely
stratify patients according to their response to treatment. The
literature, however, has been limited by inconsistent TRS definitions.
In the absence of a universally accepted definition, studies have opted
for different TRS criteria according to their aims and population
studied. This has resulted in marked heterogeneity in results and
disparity in response rates. For instance, in Suzuki and colleagues’
systematic review, 33 studies reported treatment response rates
ranging from 0% to 76% (5). Studies recruiting patients for novel
antipsychotic drug trials may use more stringent criteria than those
testing psychosocial interventions, thus reporting lower prevalence
of TRS (5, 6).

Furthermore, the lack of precise and universal operational
definitions of TRS may have important clinical and scientific
implications. For instance, it hinders early detection of treatment
resistance and, subsequently, may delay initiation of clozapine, and
in research settings, it complicates comparisons and interpretation
of results. To address these issues, International Treatment Response
and Resistance in Psychosis (TRRIP) group has developed
operationalized TRS definition criteria and reached consensus on
“minimum requirements.” The group emphasizes that any definition
of treatment resistance should indicate that the patient has received
an adequate trial of antipsychotic medication in terms of dosage
(equivalent to or greater than 600 mg of chlorpromazine per day),
trial of two different antipsychotics for a duration of 6 weeks each
at a therapeutic dose, strong advocation for acquiring treatment
adherence measures (>80% of prescribed doses), as well as the use of
structured clinical assessments to ascertain symptom presence and
severity (7). However, there are limitations to these criteria, such as
the use of dichotomous classification, which does not account for the
continuum of treatment response. As authors acknowledge, future
revisions incorporating novel neurobiological findings are required
prior to criteria being fully standardized and more applicable across
research and clinical settings.

HETEROGENEITY OF CLINICAL
COURSE OF TRS

For decades, researchers in the field of TRS debated whether
treatment resistance is a stable phenotype, or whether it is a
consequence of neurodegenerative process, evolving over time
in the context of multiple episodes and repeated exposure to
antipsychotic treatment.

In favor of the first notion were reports that emerged even prior
to the existence of psychopharmacology, and indirectly suggested
that unfavorable clinical outcomes may be related to more
severe and enduring subtype of schizophrenic illness. Kraepelin,
referring in his textbook to Albrecht’s observations that one third
of his cases with hebephrenia reached terminal state within a year
of onset, concluded: “Often enough the unmistakable symptoms
of dementia appear already within the first year” (8). Decades
later, Kolakowska and colleagues demonstrated that the majority
of “poor responders” were unresponsive throughout their illness
and remarked that treatment resistance was related to the “type,”
rather than the “stage” of schizophrenia. (9). Analogously,
two prospective studies observed that resistance to treatment
was apparent in early stages of illness (10, 11). Furthermore,
longitudinal first episode psychosis (FEP) studies (12) observed
that between 5% and 25% of patients were unresponsive and had
persistent positive symptoms during the initial phase of illness
(12, 13). Such variability again, might be a consequence of the
different TRS criteria employed in these studies.

Other authors, however, considered neurodegenerative
hypothesis, attributing treatment resistance to chronicity of
illness. Wyatt (1991) reviewed the evidence derived from 22
studies of predominantly FEP patients and concluded that
early psychopharmacological intervention could improve the
outcomes and prognosis of the disorder (14). It was proposed
that a neurodegenerative process might be inherent to psychosis
and thus adversely affect the clinical course in those who were
non-compliant with treatment and subjected to multiple relapses.

More recently, the largest to date, a 10-year follow-up FEP
study, designed to address these inconsistencies in literature,
found that over 80% of treatment-resistant patients were
persistently resistant from the very early stage of their illness (15).

This work, however, identified a small proportion of patients
(16%), who although initially responded to medication, ultimately
developed treatment resistance. These patients showed higher
number of relapses associated with more inpatient admissions. The
reasons for this remain elusive and warrant further exploration. As
suggested by animal studies, it can be that chronic treatment with
DA blocking agents may induce D2 receptor up-regulation leading
to breakthrough DA supersensitivity, which may predispose some
patients to treatment resistance (16, 17). Accordingly, it has been
shown thatin a proportion of patients not only the time to remission
is longer in subsequent episodes, but less, if at all, achievable
(18, 19). Furthermore, most recently, a study by Takeuchi et al. (20)
has implicated that treatment response is unfavorably affected by
symptomatic relapse following initial response. This finding could
be particularly relevant to this subgroup of patients (20).

On the other hand, some treatment-resistant patients may
achieve spontaneous remission or begin responding to treatment
later in life (21), which is in line with previous observations that
older patients with schizophrenia require much less intensive
maintenance antipsychotic treatment than those who are younger in
age (22-24). This can perhaps be explained by the fact that DA system
is age-dependent, with significant reductions in dopaminergic
transmission in older patients being observed (24, 25). This notion is
intriguing and contradicts the recent findings of unaltered DA levels
in TRS, but it can be that this sub-group of patients have different

Frontiers in Psychiatry | www.frontiersin.org

11

September 2019 | Volume 10 | Article 601


https://www.frontiersin.org/journals/psychiatry#articles
https://www.frontiersin.org/journals/psychiatry
www.frontiersin.org

Leung et al.

Integrated View of Treatment-Resistant Schizophrenia

Treatment Resistance from
Onset (TRO)
Majority

Delayed Onsent Treatment
Resistance (DOTR)
Minorit;

Clinical Course of y
treatment resistant
schizophrenia

Spontaneous remission following
Treatment Resistance.
With increasing age

Ultra Treatment Resistance
Resistance to Clozapine

FIGURE 1 | Clinical course of treatment-resistant schizophrenia.

neurobiology altogether, which remains to be determined in larger
and more stratified studies. Finally, up to 50% of treatment-resistant
patients are resistant to clozapine recently termed as “ultra-treatment
resistance” (26). Such non-response to clozapine, a last treatment
resort for those who do not respond to first-line antipsychotics, is
the major unmet clinical need in schizophrenia (Figure 1).

Putative Predictors of TRS

Several studies have identified younger age at onset, longer duration
of untreated psychosis, and negative symptomatology to be
associated with treatment resistance (12, 15, 27, 28). Furthermore,
severe cognitive impairment, poorer premorbid functioning (21, 29),
obstetric complications (30), as well as neurological soft signs (31),
have, in addition, shown significant associations with treatment
resistance. Additionally, family history and, thus, increased genetic
burden (32, 33) have been linked to poor prognosis of illness, and
finally, a study comparing first-degree relatives of patients with and
without TRS showed higher morbidity risk of schizophrenia in
relatives of TRS patients (34).

The findings and observations, to date, indicate that treatment
resistance in schizophrenia is heterogenous, as a disorder itself,
assuming at least four different trajectories. However, a significant
majority of patients with TRS appear to be resistant at the time
of their first presentation. This form of treatment resistance may
represent an enduring phenotype of schizophrenic illness, which
is particularly associated with younger age at onset and negative
symptoms (15). Such high prevalence at the early phase of illness
should alert clinicians to commence clozapine as soon as possible.
However, larger FEP studies are needed to delineate reliable
predictors to facilitate early and accurate detection of patients who
are not likely to respond to first-line antipsychotic treatment.

NEUROBIOLOGY OF TREATMENT-
RESISTANT SCHIZOPHRENIA

Until recently, the underlying neurobiology of treatment-
resistant schizophrenia remained elusive. Emerging evidence

from TRS imaging and genetic literature implicates
dysregulation in several neurotransmitters, particularly DA
and glutamate, and in addition genetic and neural alterations
that concertedly may lead to the formation of treatment
resistance in schizophrenia. The presented literature here is
not exhaustive. Instead, we predominantly focus on the most
robust and high-impact evidence and neurobiological aspects
that may predispose to treatment resistance.

Neurotransmitters in TRS

The DA hypothesis remains an important part of our
understanding of psychosis. DA blocking antipsychotics are
effective in a majority of patients with schizophrenia, and
illicit drugs that induce acute psychotic symptoms increase DA
levels. Although this hypothesis does hold true for the patients
who are responsive to treatment, it fails to provide explanations
for patients with TRS.

To understand the dopaminergic mechanisms underlying treatment
resistance, scientists have first focused on striatal DA D2 receptors.
Positron emission tomography (PET) studies revealed significant
associations between striatal DA D2 occupancy and prediction of
short-term clinical response to antipsychotic treatment (35) and
suggested that at least 60% of DA D2 receptor occupancy is necessary
to reach adequate therapeutic response. This is true for both typical
and atypical antipsychotics (31, 35, 36), excluding clozapine (37).
Hypothesizing that the lack of response may result from inadequate
DA D2 receptor blockade, Wolkin et al. (38), using PET, examined
DA D2 receptor occupancy in patients with TRS schizophrenia and
intriguingly demonstrated almost identical striatal DA D2 receptor
occupancies in both treatment-responsive and treatment-resistant
patients (38). Correspondingly, a [123I] IBZM Single Photon
Emission Tomography (SPET) study reported a similar degree of
DA D2 occupancy in both groups (39). Moreover, Kane et al. (40)
in their seminal trial included the most severely ill and treatment-
resistant patients with schizophrenia who failed a prospective trial of
haloperidol at doses of at least 60 mg/day, which indirectly suggests
that DA receptor occupancy was sufficiently achieved (40).

It became apparent that although DA D2 blockade may be
necessary; it does not guarantee a response. Thus, the focus shifted
to investigating presynaptic DA synthesis capacity (DSC). Increased
DSC in patients with schizophrenia is considered one of the most
replicated finding in dopaminergic studies of schizophrenia (41-43),
and therefore, DSC anomalies are considered critical in the formation
of positive psychotic symptoms. The biochemistry of DA synthesis is
presented in a schematic diagram (Figure 2).

The first study to directly examine DSC in specifically
treatment-resistant patients with schizophrenia, using PET
and stringent criteria for TRS, demonstrated unaltered DSC in
treatment-resistant patients. In a subgroup of these patients,
authors measured glutamate levels using proton magnetic
resonance spectroscopy (‘H-MRS) and documented increased
glutamatergic levels in anterior cingulate cortex (ACC) in TRS
patients (44). Analogously, two subsequent studies reported
increased glutamate levels in the ACC in treatment-resistant
patients, but decreased levels in treatment responders (45, 46).
To address the potential effects of medication or chronicity
on these findings, the same group prospectively investigated
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FIGURE 2 | Schematic presentation of presynaptic DA regulation. Conversion
of |-tyrosine (4-hydroxyphenylalanin) to -3, 4 dihydroxyphenylalanine [I-DOPA]
constitutes the first step in a complex pathway of DA synthesis. |-tyrosine is
derived mainly from dietary sources, although a small quantity originates from
I-phenylalanine converted to I-tyrosine by phenylalanine hydroxylase (PHA).
I-tyrosine is converted to I-DOPA by tyrosine hydroxylase (TH). Aromatic
L-amino acid decarboxylase (AAADC) then acts on I-DOPA to convert it to
DA. The DA uptake transporter (DAT) plays an additional role in increasing
cytoplasmic DA levels via the reuptake of extracellular DA and thus maintains
extracellular DA homeostasis. From the cytoplasm, the majority of DA is
stored in specialized synaptic vesicles by the vesicular monoamine transporter
(VMAT) and is ready for release upon arrival of the action potential.

DSC and ACC glutamate levels in initially medication-
naive FEP patients and confirmed that although striatal
DSC is unaltered, ACC glutamate levels are increased in
patients who subsequently do not respond to treatment (47).
Most recently, in a multicenter longitudinal study of either
minimally treated or medication naive patients, higher levels
of glutamate in the ACC were associated with treatment non-
response to amisulpiride (48).

However, not all studies have observed glutamatergic
alterations in relation to treatment response as discussed in
recent systematic reviews (49, 50). The discrepancy in results
may be related to differing methodology and, in particular,
different TRS criteria studies. Thus, some studies may have
misclassified TRS patients as responders or vice versa, which
may lead to different outcomes and complicate comparisons as
we discussed in previous sections.

Taken together, the neurochemical evidence to date supports
the hypothesis that distinct neurochemical abnormalities, such
as normal striatal DSC and increased ACC glutamate function,
may underlie TRS. What is more, the demonstrated lack of DA
abnormality in this subgroup of patients raises the possibility that
other neurotransmitters, such as GABAaergic, glutamatergic,
and endocannabinoid systems may be a promising target for
novel antipsychotics.

However, the neurobiological underpinning of schizophrenia
in general as well as that of TRS may involve complex
interactions of these neurotransmitters. Carlsson and

colleagues (2000, 2001) proposed that alterations in cortical
glutamate levels, either acting directly as an “accelerator” or
via GABA interneuron projections as a “brake,” modulates the
firing of dopaminergic neurons that can in turn lead to either
decrease or increase in dopaminergic activity (51, 52). Thus, for
instance, the reduced glutamate activity enhances DA release
in dopaminergic pathways, which then via negative feedback,
mediated, at least in part, via the striatum and the thalamus,
regulates glutamate release that would then act as “a brake” on
cortical DA production (51, 52). How this mechanism operates
in TRS remains to be determined in precise future pre-clinical
models. At this stage, and based on available neurochemical
imaging evidence, we could only speculate that in TRS, this
mechanism involves the indirect pathway that involves GABA
interneurons that exerts a “brake” effect on DA production,
which may explain the absence of DSC increase in TRS. In
turn, the absence of feedback from normal striatal DA status
may lead to cortical hyperglutamatergia. In line with this,
studies have reported an inverse correlation between cortical
glutamate and striatal DSC (53, 54).

Genetic data also support to some degree the distinct
neurobiology of TRS by suggesting a specific heritable
vulnerability in TRS sub-group of patients. It has been
suggested that TRS may be related to increased genetic burden
(32). For instance, family history of psychosis has been shown
to be associated with TRS (33). Studies that investigated several
candidate genes, such as ABCB1, ABCCI, and ABCBI1,
demonstrated associations with response to antipsychotics
as summarized by Vita et al. (50). Subsequent studies have
examined polygenic risk scores (PRS) representing aggregate
score of risk loci, that have been identified from genome-
wide association studies (GWAS) in schizophrenia patients, to
determine whether this approach can detect treatment non-
response, but both chronic and medication-naive FEP studies
have been negative (55, 56).

Functional and Structural Neuroimaging
Evidence from structural magnetic resonance imaging
(MRI) studies indicates that patients with limited response
to treatment have increased cortical atrophy in comparison
with responders (57, 58). Reduced gyrification was observed
across multiple brain regions at illness onset in FEP patients
who subsequently do not respond to treatment (59). In
addition, cortical thinning generally, but particularly in
dorsolateral prefrontal cortex (DLPFC) was reported in
TRS (60). Recent review has revealed that patients with TRS
have larger number of regions with decreased GM when
compared with responders (49).

Functional MRI studies have similarly been able to distinguish
between responders and non-responders. Most recently, global
functional connectivity decrease, particularly in frontotemporal
and occipital regions, was reported to be associated with treatment
resistance in several studies (61, 62). Two comprehensive reviews
have demonstrated decreased metabolism in the prefrontal
and frontotemporal regions and hypermetabolism in the basal
ganglia in TRS patients (63, 64).
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THERAPEUTIC APPROACHES
OF TREATMENT-RESISTANT
SCHIZOPHRENIA

Clozapine—A Gold Standard

The discovery of chlorpromazine has stimulated the discovery of
numerous DA-blocking antipsychotics that in most patients are
effective. However, first-line antipsychotic treatment in considerable
proportion of patients does not alleviate symptoms, but instead
exposes these patients to unwanted and often disabling side effects.
The only antipsychotic, to date, that has an adequate therapeutic
effect in this subgroup of patients is clozapine, and as such remains
superior to other antipsychotics for TRS patients (65-67).

Clozapine has been actualized by Kane and colleagues in
their seminal work (40). They have shown clozapine to be
more effective than chlorpromazine at symptomatic reduction
(30% vs. 4%, respectively) in participants who failed a trial
of haloperidol treatment (40). It is, however, underutilized
(68) with documented delay of its initiation approximating
5 years (69). This delay has important clinical implications
associated with reduced effectiveness, increased number of
hospital admissions, and more frequent use of concurrent
electroconvulsive therapy (ECT) (68, 70-72). Recent scientific
reports advocate its use at much earlier stages of illness (15, 73).
This is compounded by the fact that a great majority of TRS
patients seem to be destined to non-response to medication
at the earliest stages of their illness necessitating much earlier
use of clozapine (15). A meta-analysis by Okhuijsen-Pfeifer
and colleagues (2018) comparing clozapine with a number of
conventional antipsychotics found significant benefit for early
clozapine use (Hedges’ g = 0.220; P = 0.026; 95% CI = 0.026-
0.414) (74), whereas a large three-phase switching clinical
trial conducted by the OPTiMiSe study group found that
following a failed initial response to amisulpiride switching to
olanzapine resulted in no additional benefit, whereas switching
to clozapine did improve clinical outcomes (73).

The precise psychopharmacology of clozapine is yet to be
unraveled. Its efficacy in TRS may be related to the fact that
clozapine is a weak DA blocker and that its action may be mediated
via glutamatergic and serotonergic pathway as indicated by recent
neurochemical imaging literature (45, 47, 75-79).

TREATMENT STRATEGIES IN ULTRA-
TREATMENT RESISTANCE

Clozapine Augmentation With Other
Psychotropic Agents

Almost half of TRS patients do not respond to clozapine
(2, 3, 40, 80) and are termed ultra-treatment resistant. When
faced with such treatment challenge, clinicians tend to resort
to augmentation with other psychotropic agents, although
there is limited evidence to support this therapeutic approach
(32, 81). Antipsychotics are the most frequently utilized and
studied agent, and of these, risperidone is the most frequently
researched (82). A meta-analysis has shown no increased

benefit to augmentation with risperidone (83) and another
of 14-placebo controlled RCTs showed that augmentation
with antipsychotic medication is of little benefit (effect size,
—-0.239; 95% CI, —0.45 to —0.026; P = 0.028) (84). Furthermore,
augmentation with antipsychotics seems to be associated with
a worsening of side effects (83). Similarly, the augmentation
with mood stabilizers and SSRIs has yielded limited evidence
for efficacy (85). Lamotrigine has garnered conflicting evidence
(83, 86). While topiramate has some evidence supporting its
effect at curtailing weight gain in patients taking clozapine,
there is limited evidence for its reduction in psychotic
symptoms (85). Augmentation, in theory, may be a useful
approach to adopt in managing TRS as it utilizes already
existing medication, whose mechanisms of action and side
effect profiles have been well studied. Unfortunately, the
evidence does not currently support their effectiveness.

Other Treatment Strategies

Evidence investigating the effectiveness of ECT in combination
with clozapine has shown positive results (87). A recent meta-
analysis by Wang and colleagues (2018) who analyzed data from
18 randomized control trials (n = 1769) found that adjunctive
ECT was more beneficial for short-term recovery, compared with
clozapine alone (standard mean difference = —0.54; 95% CI, —0.88
to —0.20; 12 = 77%, P = 0.002) (88).

Repetitive trans-magnetic stimulation (89) and transcranial
direct stimulation (90) may be effective at reducing auditory
hallucinations, though some of their effects may be short-lived (91).
Their low-cost and mild side effect profile (92, 93) make them
attractive options to treat schizophrenia and, more specifically,
TRS, though with a scarcity of large clinical trials, more research is
needed to delineate their effectiveness as sole or adjunct agents (81).

In summary, clozapine remains a gold standard treatment for
patients with TRS (74). Research has shown that delay in clozapine
initiation leads to a poorer response to treatment (72) and, worse
outcomes (70, 71). However, there are significant issues with
its tolerability, and there is still a significant subgroup of non-
responders to clozapine who see, a modest, if any improvement
with pharmacological (32, 81) and non-pharmacological
augmentation (87, 89, 90). This strongly supports a need for new
therapeutic targets. Recent meta-analytic work has demonstrated
significant effects of glutamatergic agents, such as glycine/p-serine
site antagonists, on negative symptoms (94) that are generally
resistant to DA-blocking antipsychotics. In view of complex
interplay of neurotransmitters governing schizophrenia and
particularly treatment resistance, other promising therapeutic
approaches include the stimulation of GABA receptors to
overcome glutamatergic deficits, which is yet to be tested in
clinical trials (95), as well as the use of cannabinoids, which have
shown promising therapeutic effect in recent drug trials (96-98).

CONCLUSION

Taken together, the findings to date suggest that TRS is a distinct,
more severe, and enduring subtype of schizophrenic illness,
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marked by greater neuroanatomical abnormalities and different
molecular mechanisms. Such complex and intractable condition
requires a more fine-grained conceptualization of underlying
neurobiology, which may consequently lead to much-needed
novel biologically determined treatments. It is crucial to develop
clinical tools that will enable clinicians to predict whether a
patient will or will not respond to DA blockade, so that clozapine
or other novel alternatives can be commenced as early as possible.
Here, we integrate the available findings into a putative predictive
model of TRS (Figure 3), which may provide a platform for
impending scientific developments. Carefully designed studies
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