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Novel Strategies for the Treatment of Depression

Introduction
Major depressive disorder (MDD), affecting 
roughly 300 million people (i.e. 4.5% of the global 
population), is a life-threatening mental illness, a 
leading cause of morbidity worldwide and a  
major medical and economic burden for society.1,2 
Unsatisfactory response rates to currently approved 

antidepressant drugs, which alleviate symptoms in 
about half of treated patients, contribute to the 
enormous public health burden of MDD.3 Perhaps 
most critically, approximately 30% of MDD 
patients develop treatment-resistant depression 
(TRD).4 TRD is commonly defined as a difficult-
to-treat condition characterised by failure to achieve 
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a reduction in baseline symptomatology of at least 
50%, as measured by widespread rating scales such 
as the Montgomery–Åsberg Depression Rating 
Scale, after at least two antidepressant treatment 
trials of adequate dosage and duration.5 In this con-
dition, related sequelae include poor quality of life, 
loss of productivity, increased suicide risk and 
worse prognosis.6

Among the different causes that make TRD so chal-
lenging in both clinical and research contexts, major 
roles are played by the inadequate understanding of 
MDD pathophysiology and the limitations of cur-
rent pharmacological treatments. The inadequate 
understanding of MDD pathophysiology reflects 
the more general lack of suitable scientific models 
for neuropsychiatric disorders. The development 
and use of animal models in psychiatry is challeng-
ing, due to the complex nature and heterogeneity of 
MDD. In this regard, according to the International 
Union of Basic and Clinical Pharmacology, cur-
rently available animal models have limited power 
and effectiveness in mimicking the whole MDD 
complexity and have not been subject to sequential 
application of different treatments – a key requisite 
to define TRD in clinical practice.7

Despite the overly simplistic role of the monoam-
inergic hypothesis of MDD, its current pharma-
cological treatment still relies on drugs that 
mainly target monoamine neurotransmitter sys-
tems and show delayed efficacy with lag times of 
several weeks to months before producing clinical 
improvement (if MDD patients show a response).

Nevertheless, the field of psychiatry is facing excit-
ing times. Combined with recent advances in 
genome editing techniques, human induced pluri-
potent stem cell (hiPSC) technology is offering 
novel and unique opportunities in both disease 
modelling and drug discovery. This technology has 
allowed innovative disease-relevant patient-spe-
cific in vitro models to be set up for many psychiat-
ric disorders.8 Such models hold great potential in 
enhancing our understanding of MDD pathophys-
iology and overcoming many of the well-known 
practical limitations inherent to animal and post-
mortem models. Moreover, the field is facing the 
advent of (es)ketamine (the s-enantiomer of the 
racemic mixture is reported to be better tolerated),9 
a glutamate N-methyl-d-aspartate (NMDA) recep-
tor antagonist, claimed as one of the first and 
exemplary agents with rapid (in hours) antidepres-
sant effects, even in TRD patients. Multiple con-
trolled trials have demonstrated that 50–70% of 

TRD patients show clinical response after a single 
40-min ketamine intravenous infusion.10 According 
to a recent trial,11 the optimal dose of intravenous 
ketamine must be administered in a specific suba-
naesthetic range comprised between 0.5 mg/kg and 
1 mg/kg, with no clear or consistent evidence for 
clinically meaningful efficacy of lower doses. 
Although ketamine seems poised to transform the 
treatment of depression, its exact mechanisms of 
action are still unclear but their knowledge greatly 
demanded, as the resulting insight may provide a 
model to understand the mechanisms behind 
rapid-acting antidepressants, which may lead to 
the discovery of novel compounds for the treat-
ment of depression.

After reviewing insights into ketamine’s mecha-
nisms of action (derived from preclinical animal 
studies) and depicting the current state of the art 
of hiPSC technology below, we will consider the 
implementation of an hiPSC technology-based 
TRD model for the study of ketamine’s fast act-
ing antidepressant mechanisms of action.

Ketamine’s mechanisms of action
Subanaesthetic doses of ketamine have shown 
promise for the rapid treatment of TRD 
patients.12–15 Over the last decade, a series of pla-
cebo-controlled studies confirmed the ability of 
intravenous ketamine (0.5 mg/kg infusion) to pro-
vide significant amelioration of symptoms in 
TRD patients within hours, although symptoms 
typically return just days after discontinuation of 
the acute intervention.14,15 As pointed out in a 
recent review,14 nine meta-analyses of acute-
phase randomised short-term trials of ketamine 
for depression reported statistically significant 
advantages of ketamine over placebo or active 
control conditions across a variety of measures of 
depressive symptoms. These results stimulated 
basic and translational neuropsychiatric research. 
Nevertheless, the exact mechanism of action of 
ketamine is not yet clear.16 Preclinical animal 
studies suggest that the molecular mechanisms 
underlying ketamine’s effect are likely to be more 
complicated than NMDA-receptor blockade. 
Rapid responses in patients with TRD suggest 
fast changes in synaptic function and plasticity, 
processes thought to be deeply impaired in MDD 
and also closely correlated with the severity of 
depressive symptoms in humans.17

The latest emerging mechanistic hypotheses 
related to the antidepressant effects of ketamine 
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are usually developed within a generic and proto-
typical glutamatergic synapse in the prefrontal 
cortex (PFC) (Figure 1).18

On this level, the specific effects of ketamine can 
be distinguished as follows:

– � Antagonism at postsynaptic GluN2B-
containing NMDA receptors prevents the 
eEF2K mediated phosphorylation and inhi-
bition of eEF2 (which, when phosphorylated, 
usually reduces BDNF dendritic mRNA 
translation) leading to an increase of synaptic 
BDNF levels and shuttling of AMPA gluta-
mate receptors to the synapse, thus enhanc-
ing synaptic efficacy (Figure 1a).19,20

– � Preferential blockade of NMDA receptors 
on a subpopulation of GABAergic interneu-
rons induces disinhibition of pyramidal 
cells leading to a glutamate surge and 
enhanced activation of AMPA receptors 
(Figure 1b).21,22 AMPA receptor activation 
promotes a signalling cascade that raises 
BDNF levels.23 Local release of BDNF is 
thought to stimulate TrkB receptors stimu-
lating mTORC1 pathway via the activation 
of Akt and ERK signalling,23,24 leading to 

an increase of synaptic number and func-
tion in the PFC.25,26–29 In turn, this step 
activates the local protein synthesis neces-
sary for increasing dendritic spine forma-
tion and restoring synaptic connectivity.26–29 
These events share the temporal profile 
with antidepressant effects of ketamine.

– � Ketamine and other NMDA antagonists 
also target metabolic pathways in neurons 
and glial cells by increasing glutamate-glu-
tamine cycling and, consequently, extracel-
lular glutamate levels in PFC, both in animal 
models and human patients (Figure 1c).30,31

– � In animal models, ketamine has recently 
been shown to inhibit GSK-3 by its phos-
phorylation,32 linking this effect, again, to 
rapid activation of the mTOR signalling 
pathway and the related cascade of events, 
including increased dendritic spine density/
diameter and synaptic strength in the 
medial PFC layer 5 pyramidal neurons 
with antidepressant behavioural responses 
persisting for up to 1 week (Figure 1d).33 In 
addition to the NMDA receptor antago-
nism and the related cellular events dis-
cussed above, as recent ground-breaking 
research has pointed out,34 ketamine’s 

Figure 1.  Emerging mechanistic hypotheses related to the antidepressant effects of ketamine.
(a) Antagonism at postsynaptic NMDA receptors; (b) Blockade of NMDA receptors on GABAergic interneurons; (c) Increase of 
glutamate-glutamine cycling; and (d) Other hypothesised mechanism: opioid system activation and inhibition of GSK-3.
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acute antidepressant effect requires opioid 
system activation. Results from this ran-
domised double-blind crossover trial dem-
onstrate that concurrent administration of 
Naltrexone, a selective opioid receptor 
antagonist (mainly on µ-opioid receptors), 
with ketamine treatment in TRD-patients 
is able to attenuate, or block, the acute 
antidepressant effect.

As underlined above, most of our insights into the 
mechanisms associated with MDD endopheno-
types and ketamine’s antidepressant efficacy derive 
from animal models of depression. Limitations 
and translational issues of this animal modelling of 
an exquisitely human mental illness such as MDD 
have been debated for years.35

hiPSC technology: the state of the art
Until a few decades ago, irreversibility of the 
developmental path that leads from pluripotent 
cells to progressively mature cells was considered 
a dogma of biology, implying that a differentiated 
cell could no longer regress to a primordial state 
of pluripotency (i.e. the capacity to generate each 
of the discrete somatic cells types present in the 
body). However, in 2006, Shinya Yamanaka 
reported a sensational discovery that subverted 
this vision and led to the definition of a ‘cellular 
reprogramming’ process by which functionally 
specialised cells, such as skin cells, can be con-
verted into pluripotent cells through the transient 
expression of a cocktail of four genes (called Oct-
3/4, Sox2, c-Myc, and Klf4).36,37 These cells, arti-
ficially created in the laboratory setting, are 
pluripotent and have been named ‘induced pluri-
potent stem cells’ (iPSCs). They offer the pluri-
potency of embryonic stem cells without the 
intrinsic ethical implications associated with the 
sacrifice of embryos, with the advantage of being 
potentially obtained from any healthy or sick indi-
vidual. Since 2006, reprogramming technology 
has been increasingly improved, both in terms of 
efficiency and quality of the cells obtained. Today, 
there are thousands of iPSC lines derived from 
different donor cells (skin cells, blood cells, even 
from ‘waste’ cells in urine) and numerous indi-
viduals.38 Initially, reprogramming was delivered 
into cells using modified viral particles that, how-
ever, had the defect of integrating into the genome 
of the recipient cells, with the risk of unpredicta-
bly altering the functioning of potentially risky 
genes. Due to this technical constraint, the first 
iPSCs obtained showed tumour-like features that 

precluded the potential use of their cellular deriv-
atives in the clinical setting. Furthermore, effi-
ciency was very limited, with less than one cell in 
100,000 actually reprogrammed.36,37 However, in 
recent years, these limitations have been progres-
sively overcome and footprint-free (i.e. without 
genome alterations caused by reprogramming) as 
well as clinical grade (i.e. suitable for applications 
in the clinical setting) iPSCs can be efficiently 
produced, thanks to viral particles that do not 
integrate in the genome or other non viral-based 
delivery methods.39 Although the molecular 
mechanisms responsible for the reprogramming 
process are not yet fully known, the discovery of 
iPSCs has revolutionised the work of many scien-
tists and profoundly changed the concepts of cell 
identity and functioning, opening up new and 
exciting implications in the field of epigenetics 
and tremendous opportunities in the field of bio-
medical research.39

In recent years, the reprogramming technique has 
provided researchers with an excellent platform to 
generate iPSCs from which to produce and study 
specialised sick cells with the same genetic mate-
rial as patients.40 A fundamental step for the 
development of effective therapies for a given 
pathology is to have ‘disease models’ that allow 
disease-specific cellular dysfunctions to be pre-
cisely understood. The most reliable approach to 
do so is the study of live tissue-derived cells of 
patients affected with the disease. However, this is 
not always feasible, especially for tissues that can-
not be easily accessed, such as cerebral neurons. 
The reprogramming technique now allows scien-
tists to overcome this limitation by accessing a 
large number of putatively ‘sick’ neurons through 
the differentiation of neurons on which to perform 
assays and dissect mechanisms from patient-spe-
cific iPSCs.41–43 These neurons have the same 
genetic background as the cells of the originating 
patients. Besides their use to study mechanisms 
underlying the onset and progression of specific 
diseases, iPSC-based disease models also play an 
important role in drug discovery processes.44 To 
date, large numbers of iPSC lines have been 
obtained from cells of normal individuals or 
patients with specific diseases, both monogenic 
and multifactorial, such as muscular dystrophies, 
Parkinson’s disease, Huntington’s disease, 
Down’s syndrome, juvenile diabetes mellitus, 
heart disease and many others.45

Much of the public interest in iPSCs stems from 
their immense potential in the field of regenerative 
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medicine.46 This concerns the possibility of convert-
ing iPSCs into several cell types exploitable for cell-
based therapies aimed at the regeneration of tissues 
or organs with poor intrinsic reparative capacity 
(such as the brain, pancreas or heart), damaged by 
disease or trauma. Among other things, patient-spe-
cific iPSCs have the potential advantage of being 
exploitable for autologous transplants, thereby 
excluding rejection problems.45 Thus, theoretically, 
clinical reprogramming technology would allow the 
development of customised cellular therapies based 
on the transplant of specialised cells of interest 
obtained from patient-specific iPSCs. Furthermore, 
recent developments in the field of genomic editing 
would allow combined approaches of personalised 
gene and cell replacement therapy.47 For example, 
in the case of a patient suffering from an inherited 
disease, the genetic defect could be corrected in the 
laboratory in his own iPSCs, which would then be 
used to produce the healthy specialised cells of 
interest for transplant. Over the past 10 years, all of 
these approaches have been successfully tested in 
the treatment of sickle cell disease, Parkinson’s dis-
ease, heart injuries and other pathological condi-
tions, opening way to the first clinical trials in 
macular degeneration and other studies currently 
on the way for the treatment of Parkinson’s disease 
and heart failure.47 There are high expectations 
from these studies, which are fundamental to assess 
clinical benefits, identify potential critical issues, 
optimise these therapeutic approaches in humans 
and draw regenerative medicine a step closer to 
reality.

Towards a hiPSC-based TRD model 
for the study of ketamine’s fast-acting 
antidepressant mechanisms of action
In recent years, several iPSCs lines have been 
derived from fibroblasts and peripheral blood 
mononuclear cells of patients affected by different 
neuropsychiatric disorders including schizophre-
nia, autism spectrum disorders, MDD and bipo-
lar spectrum disorders.41,44–45,48,49

Cellular reprogramming via hiPSC technology 
offers a unique opportunity to generate neural cells 
directly from subsets of psychiatric patients with 
specific clinical characteristics,36 enabling the study 
of cellular and molecular aspects of neurotransmis-
sion and treatment response on a previously inac-
cessible level.8 Indeed, psychiatric disorders such as 
schizophrenia, bipolar disorder, and autism spec-
trum disorders have already been studied success-
fully using patient-derived neurons.50–54

MDD, perhaps due to the current diagnostic 
definition leading to clinical and genetic hetero
geneity,55 is more challenging to study as a 
biologically distinct phenomenon. The weight of 
environmental risk factors such as childhood abuse 
or socioeconomic adversity also contributes to this 
complexity and a recent re-examination of poly-
morphisms, polymorphism-by-environment inter-
actions and gene-level effects failed to confirm the 
relevance of the 18 most studied candidate genes 
to depression phenotypes.56 However, psychiatric 
disorders are known to share common genetic risk 
variants that were recently confirmed by assessing 
their relationship to 17 phenotypes from 1,191,588 
individuals pooled from large-scale genome-wide 
association studies.57

In order to identify MDD subtype-associated cel-
lular and molecular phenotypes, the only two 
available hiPSC-based studies on MDD are from 
the same research group and focused on TRD, 
stratifying patients on the basis of SSRI-response, 
a clear biological phenotype.58,59 In the first 
study,58 Vadodaria and colleagues generated 
iPSCs from 3 SSRI-remitters (R) and 3 SSRI-
non-remitter (NR) MDD patients and studied 
serotonergic neurotransmission in patient’s fore-
brain neurons in vitro. They observed that NR 
patient-derived neurons surprisingly displayed 
serotonin-induced hyperactivity downstream of 
upregulated excitatory serotonergic receptors 
(5-HT2A and 5-HT7) in contrast to what was 
seen in healthy and R patient-derived neurons. 
Pharmacological blockade of these receptors by 
Lurasidone (a high affinity 5-HT2A and 5-HT7 
antagonist recently approved for bipolar depres-
sion) partially rescued 5-HT-induced hyperactiv-
ity in NR patient-derived neurons. In the second 
study,59 NR patient-derived serotonergic neurons 
exhibited altered neurite growth and morphology 
downstream of lowered expression of key proto-
cadherin alpha genes as compared with healthy 
controls and R. Furthermore, knockdown of pro-
tocadherin alpha genes directly regulated iPSC-
derived neurite length and morphology, suggesting 
intrinsic differences in serotonergic neuron mor-
phology and resulting circuitry of TRD patients.

Although promising, these findings from one 
research team should be considered preliminary. 
Stem cell technology is still considered a low 
throughput method that can only be applied to 
few samples. Both studies employed neuronal cell 
lines from the same six female patients. Given the 
broad diversity of clinical MDD phenotypes, the 
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neuronal populations examined probably explain 
a minimal portion of the complex neuronal net-
work involved in the pathogenesis of the disorder 
and in treatment response.

Only one research group has recently conducted 
three hiPSC-based technology studies on keta-
mine’s antidepressant mechanisms of action, pro-
posing a dopaminergic neuron model derived 
from one healthy person. In the first study,60 
authors confirmed the leading hypothesis that 
ketamine is also able to enhance structural 
plasticity via AMPA receptor-driven BDNF and 
mTOR signalling in their hiPSC-derived dopa-
minergic neurons.24 In the second study,61 they 
demonstrated that a ketamine metabolite (2R,6R-
hydroxynorketamine) also produced similar 
effects in the same model. In the last study,62 
ketamine was shown to increase the expression of 
AMPA receptor -GluR1 and -GluR2 subunits, 
suggesting their involvement in driving structural 
plasticity in human dopaminergic neurons 
depending on ketamine transient exposure.

To unravel the ketamine’s fast acting antide-
pressant mechanisms of action, an optimisation 
of the disease-model is necessary by adopting a 
new and completely translational approach. 
First, it is important to focus on precise clinical 
stratification and characterisation of patients’ 
resistance profile based on their treatment his-
tory. Because only one every six intervention 
studies enrol patients that meet these criteria, 
information on this population can be consid-
ered sparse.63 True resistance to the effect of 
specific drugs might only play a minor part,64 so 
deep phenotyping must include multiple strate-
gies to address the persistence of depression in 
individual subjects when small-sample proto-
cols are implemented. Within stratified samples 
of TRD patients, exceptional ketamine respond-
ers (eK-Rs) and ketamine non-responders 
(K-NRs) must be identified. Second, once hiP-
SCs have been obtained from these selected 
cohorts, the cell subtypes to derive should be 
planned carefully. Pioneer hiPSC-studies in the 
neuropsychiatric field adopted a mainly single 
cell modelling approach. As shown in Figure 1, 
ketamine’s efficacy seems to involve a system 
consisting of different cell types and mechanisms, 
finely inter-dependent and inter-regulated. A 
modern disease-modelling should take this 
complexity into account and switch from single 
type cell model perspective to that of co-cultured 
multiple cell types.

Our and other groups have been focussing on 
optimising single type differentiation protocols 
and co-culturing techniques.65,66 The technology 
can now be considered mature enough to reas-
semble the patient derived-glutamatergic synapse 
depicted in Figure 1 along with all forebrain neu-
rons (glutamatergic cells, GABAergic interneu-
rons) and glial cells (astrocytes) in vitro, in a 
culture plate. These populations can be experi-
mentally interrogated at multiple levels to high-
light possible phenotypic alterations specifically 
segregating with eK-Rs and K-NRs experimental 
groups (Figure 2).

Mature neuronal populations can be investi-
gated at morphological level (area of the somata, 
level of branching, interconnectivity, length of 
neurites of differentiated neurons, etc.), anti-
genic level (expression of mature markers for 
specific neuronal subtypes, etc.), functional level 
(establishment of functional neuronal networks 
capable of spontaneous activity and stimulus-
evoked responses by means of high-density 
multi-electrode array-based approaches) and 
molecular level. As noted before, most of the 
core neurobiological insights about ketamine’s 
mechanisms of action come from preclinical ani-
mal studies, which underscored the activation of 
AMPA receptors, BDNF-TrkB, eEF2K/eEF2 
and mTOR signalling pathways.16,18,60,61 Yet 
recent findings suggest that ketamine’s acute 
antidepressant effect requires opioid system acti-
vation and, therefore, may not be directly 
ascribed to NMDA antagonism.34 The proposed 
model offers multiple options to dissect different 
ketamine molecular pathways and mechanisms 
of action. Certainly, it is possible to use tradi-
tional sets of specific inhibitors (AMPA receptor 
antagonists, BDNF-TrkB or TrkB/MEK signal-
ling inhibitors, etc.) in combination with keta-
mine treatment to determine if specific pathway 
inhibitors are able to block the dendritic and 
synaptic changes induced by ketamine, identi-
fied in previous steps. Moreover, the same goal 
can be pursued by performing a transcriptomic 
profiling and accurate bioinformatics analysis of 
hiPSC-derived patient-specific samples to delin-
eate ketamine related alterations in networks of 
transcriptional activity and identify the co-
expression of genes responsible for the response/
non-response mechanisms.67

If applied to the proposed hiPSC-based model, 
all these techniques could offer unique contribu-
tions to the unveiling of molecular basis of 
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ketamine response, and they might help to develop 
new and personalised treatments, more individu-
ally tailored and less hazardous.
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