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In the last decade, in vitro models has been attracting a great deal of attention

for the investigation of a number of mechanisms underlying neurological and

mental disorders, including stress-related disorders, for which human brain

material has rarely been available. Neuronal cultures have been extensively used

to investigate the neurobiological effects of stress hormones, in particular

glucocorticoids. Despite great advancements in this area, several challenges

and limitations of studies attempting to model and investigate stress-related

mechanisms in vitro exist. Such experiments often come along with non-

standardized definitions stress paradigms in vitro, variations in cell models

and cell types investigated, protocols with differing glucocorticoid

concentrations and exposure times, and variability in the assessment of

glucocorticoid-induced phenotypes, among others. Hence, drawing

consensus conclusions from in-vitro stress studies is challenging. Addressing

these limitations and aligning methodological aspects will be the first step

towards an improved and standardized way of conducting in vitro studies into

stress-related disorders, and is indispensable to reach the full potential of in vitro

neuronal models. Here, we consider the most important challenges that need

to be overcome and provide initial guidelines to achieve improved use of in vitro

neuronal models for investigating mechanisms underlying the development of

stress-related mental disorders.
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1 Introduction

Modeling stress and its effects has long been conducted in animal models, with

different stress models highlighting different stress mechanisms and processes (e.g.,

resilience versus susceptibility) (Sutanto and De Kloet, 1994; Franklin et al., 2012). In vitro

models for stress-related mental disorders (SRMDs), allow the investigation of the effects
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of key stress hormones [namely glucocorticoids (GCs),

norepinephrine, etc.]—independently or in combination—on

cellular [e.g., neurogenesis (Schoenfeld and Cameron, 2015)],

molecular, and (electro) physiological processes hypothesized to

be involved in SRMDs, and more recently on regulation of

disorder-specific genetic variants [e.g., FKBP5 (Smoller,

2016)]. Additionally, in vitro models are relatively cost and

time-efficient, and overcome many of the ethical

considerations associated with using research animals

(Graudejus et al., 2018), especially with the discovery of

cellular programming and reprogramming technology

(CPART)—namely the generation of induced pluripotent stem

cells (iPSCs) from adult human somatic cells (Marchetto and

Gage, 2012). Investigating stress mechanisms in vitro (as most

molecular biology assays) is a highly reductionist approach

(Regenmortel, 2004) to understanding stress, its underlying

processes, and the mechanisms of SRMDs more broadly. That

being said, in vitro stress models aim to investigate underlying

mechanisms involved in the stress response, as a reaction to

exposure to particular stress hormones, with the most studied

hormone being GCs (Bhargava et al., 2002; Kim et al., 2004; Cote-

Vélez et al., 2005; Numakawa et al., 2009; Anacker et al., 2013;

Bharti et al., 2018; Nürnberg et al., 2018; Yeo et al., 2019; Krontira

et al., 2020; Cruceanu et al., 2021; Heard et al., 2021; Choi et al.,

2022). In essence, one would assume that investigating effects of

GCs in vitro seems straightforward. However, the literature

shows that GC-induced responses in cultured cells are

influenced by many factors, which severely impedes drawing

clear, unequivocal conclusions. We believe that increasing the

level of standardization in these studies is essential to ensure

reproducibility and increased validity of in vitromodels. It should

be acknowledged however, that every experimental setup and

design is in fact research question-dependent and as such may

require different approaches and conditions. In this perspective,

we highlight some of the challenges in investigating the effects of

stress hormones in different in vitro models by using GCs as an

example (Figure 1), and formulate recommendations for

improvement.

2 The state-of-the-art

2.1 Modeling aspects of stress in vitro

The neurobiology of stress encompasses a number of

mechanisms, including the activation of the autonomic

nervous system and the hypothalamic-pituitary adrenal (HPA)

axis, with each involving different hormones and regulators such

as (nor) adrenaline, corticotropin-releasing hormone (CRH),

andrenocorticotropic hormone and GCs (Johnson et al., 1992)

(Figure 2). Together these mechanisms work in concert to enable

an individual to respond to stressors (of an acute or chronic

nature) and bring the systems back to homeostasis (Sutanto and

De Kloet, 1994). Dysregulation of the HPA axis, more specifically

an impairment in its negative feedback regulation, has been

involved in a number of SRMDs including major depressive

disorder (MDD) and post-traumatic stress disorder (PTSD)

(Yehuda, 2002). Loss of negative feedback leads to HPA-axis

hyperactivity in MDD, while the reverse is observed in PTSD

resulting in hyporesponsivity of the HPA axis (Yehuda, 2002).

Prolonged exposure to GCs as a consequence of chronic or

repeated stress experiences, has neurotoxic effects which

induce several metabolic and cellular vulnerabilities, and

which are believed to underlie causative factors in the onset

and development of SRMDs (Sapolsky, 1996; Popoli et al., 2012;

Chattarji et al., 2015; McEwen et al., 2016).

GCs such as cortisol (in humans) and corticosterone (in

rodents) mediate their effects via two receptors: the

glucocorticoid receptors (GR) and the mineralocorticoid

receptors (MRs), with the MR showing higher affinity for GCs

than the GR (Koning et al., 2019). An imbalance in GR- andMR-

mediated responses are thought to increase risk for SRMDs (De

Kloet and Meijer, 2019). While MR dysregulation has also been

reported in SRMDs (De Kloet et al., 2016), the detrimental effects

of GCs are predominantly ascribed to GR-mediated signaling,

and hence most in vitro GC studies focus on the downstream

effects of GR activation. This has improved our knowledge on the

effects of GCs on several neuronal processes including

neurogenesis, neuronal morphology, synaptogenesis, and

synaptic plasticity, among others (Finsterwald and Alberini,

2014), and have helped us better understand the involvement

of GCs in SRMDs (Xi et al., 2011; Lieberman et al., 2017; Seah et

al., 2021).

Recent developments in the field of CPART make the use of

in vitro stress models even more relevant (Marchetto and Gage,

2012), since it allows to investigate GC-induced cellular

responses in the context of the genetic background of

FIGURE 1
Challenges in Investigating the Neurobiological Effects of
GCs in vitro.
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individuals expressing differential susceptibility to develop

SRMDs. Indeed, the identification of unique gene expression

signatures and related pathways implicated in stress

vulnerability, have been identified in neurons and glia from

iPSCs derived from SRMD patients (Vadodaria et al., 2019a;

Vadodaria et al., 2019b; Vadodaria et al., 2019c; Seah et al., 2021;

Heard et al., 2021). These models can also be used to examine the

effects of genetic risk variants of SRMDs, e.g., polymorphisms in

NR3C1 (the gene coding for GR) (Peng et al., 2018), or

differential responses to GC exposure between iPSC-derived

neurons from healthy and SRMD patients (Seah et al., 2021;

Heard et al., 2021). The investigation of the neurobiological

effects (at the molecular, cellular, morphological, and

physiological levels) of hormones (including cortisol), drugs

(incl. antidepressants), or other molecules of interest

separately or in combination with one another [e.g., cortisol

and (nor) epinephrine; or cortisol and antidepressants] can be

performed in vitro in a highly controlled environment, without

the interference of other systems and molecules. The effects of

drugs, hormones, and other molecules on a certain type of

neuron implicated in SRMDs (e.g. serotoninergic neurons in

MDD; cortical neurons in PTSD), can also be investigated

through CPART (Marchetto and Gage, 2012). Moreover, this

technology allows the investigation of pathways and connections

between two distinct types of cells (e.g., between different types of

neurons or between neurons and glia) in the form of co-cultures

[for an example, see (Hedegaard et al., 2020)]. CPART has also

enabled the study of the effects of drugs, hormones, or molecules

in human cerebral organoids (Cruceanu et al., 2021)—3D in vitro

models of neuronal development, with distinct cellular responses

in different types of neural progenitor cells, and neurons.

Furthermore, the in vitro manipulation of genetic variants

(e.g., single nucleotide polymorphisms) or epigenetic

mechanisms (DNA methylation of key genes in the stress

response, such as GR and FKBP5) using, for example, recent

cutting-edge technology such as CRISPR-cas9, is highly desirable

and in many cases more efficient. Finally, in vitro studies can be

used to model aspects of hypo- or hyper-suppression of the HPA

axis, by for instance the manipulation of the GR receptors and

sensitivity using agonists and antagonists, in the presence of GCs

at different concentrations.

Provided that more reliable and standardized protocols for

investigating aspects of stress in vitro exist, this may bring about

major advances in the areas of stress susceptibility and resilience.

FIGURE 2
Overview of the stress response in humans following a stress stimulus. 1) Upon the experience of a stress stimulus, 2) the hypothalamus is
activated and releases 'corticotropin-releasing hormone (CRH), which leads to the 3) activation of the anterior pituitary gland to secrete
adrenocorticotropic hormone (ACTH) in the blood stream, followed by 4) the stimulation of the adrenal cortex to release the glucocorticoid cortisol.
Cortisol 5) is circulated via the bloodstream to the brain, where 6) it will bind to the glucocorticoid andmineralocorticoid receptors (GR andMR
respectively), regulated by gene regulators such as the FKBP5 and other co-factors, and whose activation will lead to a number of signaling cascades
leading to both genomic and non-genomic-mediated effects. (This figure was created with BioRender).
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In vitro modeling could serve as a tool to investigate potential

drugs for SRMDs prior to testing on patients, and identify novel

target mechanisms, candidate genes, and neuronal subtypes

involved. In addition, in vitro models may be pivotal as a

personalized medicine approach (among others) for SRMD

patients (Marchetto and Gage, 2012). To harness the full

potential of in vitro models, more complex experimental

designs may need to be introduced, such as going from

examining the neurobiological effect of only one hormone to

a combination of stress mediators, and in defined temporal

sequences. Obviously, some degree of standardization in this

respect would help in moving the field forward.

2.2 In vitro options for investigating the
neurobiology of glucocorticoids

Based on the source of the cells being used, there are a few

major groups of in vitro techniques that have been used to

investigate the neurobiological effects of GCs. In the literature,

the majority of in vitro studies investigating GC effects are

performed on 2D neuronal cultures, which can grossly be

categorized in three methodologies. The first and oldest

technique is the use of animal primary neural progenitor or

neuronal cells harvested from different brain regions (Zhou et al.,

2012; Zhu et al., 2018). The second corresponds to

neuroblastoma cell lines (human or animal immortalized cells

that can be differentiated in a neuron-like phenotype) and

include cell lines such as the human SH-SY5Y cells (Cote-

Vélez et al., 2005; Wong et al., 2015; Sabbagh et al., 2018; Liu

et al., 2021). The third group entails embryonic stem cell (ESC)—

or iPSC-derived heterogeneous neuronal cultures (Ninomiya

et al., 2014; Raciti et al., 2016; Nürnberg et al., 2018; Yeo

et al., 2019). This category also includes the direct conversion

(or trans-differentiation) of adult somatic cells into neuronal

cultures (Seah et al., 2021). Beyond 2D cultures, the generation of

3D brain models such as cerebral organoids and assembloids has

recently gained significant interest (Di Lullo and Kriegstein,

2017). Cerebral organoids can also be generated from ESC or

patient-derived iPSCs, are characterized by more relevant

heterogeneity of cell types, and capture to some extent the

cytoarchitecture of the human brain (Shou et al., 2020). Each

method carries its own advantages and limitations with some

being mentioned in this review (Gordon and Geschwind, 2020).

3 Beyond the challenges

In order to reach the full potential of in vitro models in

understanding the underlying mechanisms of SRMDs, some

important challenges related to investigating the

neurobiological effects of GCs in vitro must first be overcome.

This includes defining in vitro stress parameters, identifying and

tackling sources of variability in cell models, culture and

differentiation protocols and molecular or cellular readouts

(Figure 1). Improving in vitro GC studies will heavily rely on

the development of more standardized protocols and

methodologies specific to neuronal cultures and the unique

research question, in a way that is not only standardized but

also reproducible.

3.1 Defining stress parameters in vitro

To successfully model aspects of stress mechanisms in vitro,

an approach that first deals with the semantics of stress and

defining certain stress parameters in vitro, might be favorable.

First it is necessary to define what we mean by in vitromodels of

SRMDs. In the literature, models of stress in vitro can refer to

metabolic, oxidative, or mechanical stress models (Garcia et al.,

2015; Abdullahi et al., 2017; Choi et al., 2021). However, in the

context of SRMDs, an in vitromodel of stress usually refers to the

exposure of a neuronal culture to GCs -, e.g., cortisol or synthetic

agonists of GC receptors such as dexamethasone, (nor)

adrenaline, and/or other mediators of the in vivo stress

response. Just like animal models of stress, in vitro exposure

to a chemical stressor can be acute or chronic (Sheridan et al.,

2004). While acute stress represents exposure to stress for a

relatively short amount of time, chronic stress reflects repetitive

and/or prolonged stress exposure (Sheridan et al., 2004).

Moreover, the effects of (both acute or chronic) stress can be

studied shortly after the exposure or after a delayed period of

time. In general, there is a lack of consensus as to what defines

acute and chronic stress and what defines short-term versus long-

term effects. In our opinion, these are important parameters that

need to be clearly defined in order to create standardized

protocols that can be reproducible and to obtain better

in vitro model systems to study stress-related mechanisms

(Richter-Levin and Sandi, 2021). Additionally, defining acute

and chronic stress might even allow to model and investigate the

concepts and molecular mechanisms of allostasis and allostatic

load in vitro (McEwen, 1998), as suggested by McEwen

(McEwen, 2002) on the use of cultures to examine hormonal

interactions, such as mechanisms in allostasis. For instance, acute

stress in vivomodels is seen as a single exposure to a stimulus that

initiates a stress response, and of which the cellular and

molecular effects in the brain can be short- or long-lasting

(Musazzi et al., 2017). Consequently, an acute in vitro GC

challenge could be defined as a single exposure to GCs for a

short period of time. Defining the latter is difficult as it is unclear

how the in vitro kinetics and signaling of GCs relate to in vivo

conditions (a common challenge in cell culture models). In

current literature, typical acute exposure times range from

hours to 48 h, which makes it virtually impossible to draw

unifying conclusions. In contrast, congruent to in vivo

conditions, a chronic in vitro GC challenge could be
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understood as a repetitive and prolonged exposure to GCs (e.g.,

ranging from days to weeks) with a GC-induced phenotype

persisting for more than a few days (e.g., more than 72 h).

While it is difficult to setup specific guidelines as to what

constitutes an acute and chronic exposures, providing clear

descriptions and harmonization of paradigms, will benefit the

field to increase the reproducibility of in vitro protocols and

results.

3.2 Sources of variability

3.2.1 Cell models and cell types
A number of different brain cell models have been employed

to investigate the effects of GCs on neurons and on different types

of glial cells. These included primary cultures, immortalized cell

lines, pluripotent stem cell-derived neuronal cultures (2D and

3D), and different types of glial cells, among others. Different

cultures introduce a number of variations, first due to the nature

of the cell source and, second, related to the different culture

mediums used for each culture types, with different supplements

including serum. It is important to mention that the presence of

GCs in neuronal differentiation media is necessary to drive

differentiation in vitro (Odaka et al., 2017), which could lead

to interferences in assessing the neurobiological effects of GCs

added to a culture. Moreover, many of the differentiation

protocols to obtain neuronal cultures are heterogeneous in cell

types and many include glial cells (Volpato and Webber, 2020).

This may in itself influence the response of neurons to GCs

knowing that glial cells such as astrocytes have also been shown

to respond to GCs in vitro (Heard et al., 2021; Choi et al., 2022).

Additionally, a study by Cruceanu et al. (2022) demonstrated

cell-type specific responses to GCs in vitro, with differential-

responses between different types of neural progenitors and

neurons (Notaras et al., 2021). Current studies are mainly

performed on heterogeneous cultures of neurons, glia, and

non-neuronal cells. Future studies should better investigate

GC-induced effects in pure neuronal and pure glial cultures

(by making use of CPART) such as to facilitate drawing

conclusions on the effects of GCs on neurons alone, on

neuronal-glial co-cultures, and/or neuronal-glial co-cultures

with glial cells pre-treated with GCs. Investigating GC effects

in pure cultures alone will allow us to better understand the

effects of GCs on distinct cell types that might have a key role in

the pathophysiology of certain SRMDs (e.g., serotonergic

neurons in MDD). Whereas co-cultures have the advantage of

allowing us to investigate the interaction between neurons and

glial for example, which more closely resembles in vivo processes

in normal and pathological conditions.

Important, yet often overlooked parameters, when

investigating GC effects in vitro are GC receptor expression

and GC sensitivity in the examined cells. GC receptor

mediated responses are influenced by GC receptor expression

on the one hand and sensitivity of the downstream signaling

cascades mediated by chaperone and other interacting signaling

molecules. Knowing that GR and MR expression differ in vivo

and in vitro, studies should consider expression levels and their

ratios of the two receptors in the different cell lines, and results

should be interpreted in that context.

For example, Lieberman et al. (2017) investigated GC

vulnerability in iPSC-derived forebrain neurons from patients

carrying an FKBP5 risk variant and found no effects of

dexamethasone, a selective GR agonist, on GR expression in

at risk carriers. Their results suggest that low expression of GR in

stem cell-derived neurons with a maturation state comparable to

fetal neurons (Marchetto and Gage, 2012) might prove

challenging to investigate some GC-induced phenotypes.

Nevertheless, despite observing no significant changes on

neuronal processes such as proliferation and differentiation,

GCs may still have an effect on other outcome parameters,

and one should be aware of the limitations that the different

cell lines carry (i.e., GC receptor levels) which should be

considered in the design and setup of their experiments.

Advancements in stem cell differentiation protocols and

techniques might 1 day improve the phenotype of the

generated neurons and hence improve sensitivity of neuronal

cell lines to GCs by expressing GR and MR levels more

representative of in vivo conditions.

Further, understanding the effects of GC signaling via these

receptors separately is essential. GC-induced signaling via GR

and MR has differential effects which can be examined using

selective agonists and antagonists of each receptor (McMaster

and Ray, 2008). Understanding these differences may help when

comparing cell cultures that differ in GR/MR expression levels.

On the other hand, in vivo conditions both receptors work in

concert to establish the overall effect of GCs. Studies using

endogenous GCs (i.e., cortisol or corticosterone) could be

more informative in that respect. Investigators should

carefully consider the type of GC to use, and should clearly

indicate the rationale in future publications.

3.2.2 Protocols
One source of variability–and a big limitation of in vitro

studies in general–is experimental variability between different

batches of the same cell line (Burroughs et al., 2012; Marchetto

and Gage, 2012), or batch-to-batch variability. Another source of

variability concerns the face validity of cell lines. For example,

neuroblastoma cell lines carry cancerous properties and as such

do not reflect the normal growth and differentiation of neurons

in culture (Xicoy et al., 2017). Neuroblastoma cells also carry

major limitations in their differentiation potential and

maturation state. Additionally, rodent primary neuronal

cultures can answer a limited number of research questions

given their predetermined fate upon harvest.

One way to address these variabilities is to move away from

using unreliable cell lines and more towards improved cell
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models. For instance, patient-derived neuronal cultures have the

advantage of investigating genetic-exposure interactions in

different possible neuronal identities and in other cell types.

Despite several advantages, stem cell technology also suffers from

variability in protocols. The use of different protocols to generate

1) PSC-derived neuronal or glial cultures, including the direct

and indirect method, also bring about increased variations

(Marchetto and Gage, 2012). For example, Seah et al. (2021)

observe differential responses to GCs between induced-neurons

and iPSC-derived neurons (Marchetto and Gage, 2012).

However, for improved representation of the effects of GCs in

humans, one might want to focus on making use of

reprogrammed cell lines, and explore the effects of GCs in

different neuronal cell types. With the use of reprogrammed

cells, individual genomic variation among patients with different

genetic background introduces additional variability in the

response of neuronal cultures to GC challenges, which should

be addressed by using a sufficient number of control- and

patient-derived cell lines. Alternatively, the use of isogenic

lines could be used to examine the influence of specific

genetic variants in relation to GC responses. With batch-to-

batch variability being an issue, one need not focus on the use of

1 cell line only, but instead one could focus the bulk experiments

on the most robust cell line, and use other cell lines as validation.

Acknowledging the advantages and disadvantages of each model

in the initial phases of research design is important in

overcoming many of these roadblocks, and in improving

standardization of in vitro studies.

In addition, a systematic overview of convergent evidence

from both animal and in vitromodels could help identify reliable

approaches for investigating GC effects on (non-)neuronal

cultures and facilitate a better understanding of different

protocols employed, promote exchange of methodologies, and

improve standardization.

3.2.3 Assessing glucocorticoid-induced
phenotypes in vitro

While the type of in vitro model and the hormone to be

investigated are important choices to be made during the design

of a study, another challenge is the assessment of the GC-induced

phenotype in vitro in acute or chronic conditions.

Several readouts have been considered for the detection of a

GC-responsive culture such as cytotoxicity and proliferative

assays–namely the 2,5-diphenyl-2H-tetrazolium bromide

(MTT) assay—but this might not be sufficient. The selection

of this readout as an assessment of a GC-induced phenotype is

based on in vivo studies where increased corticosterone levels

lead to cell death and a decrease in proliferation of neuronal cell

populations (Abdanipour et al., 2015). While these cellular

processes explain some of the effects of GCs in vitro, they do

not assess the full scale of possible GC-induced phenotypes. The

colorimetric MTT-assay–most often used as an assay to measure

cellular metabolic activity–has also been used in a number of

studies as a readout to test different GC concentrations. While a

metabolic assay is important in identifying GC effects in cell

cultures, it is not reliable as an accurate measurement of cell

viability or cytotoxicity and hence has questionable value as a

standardized readout for GC effects (Ghasemi et al., 2021). It has

been reported that the MTT assay suffers from a number of

limitations in the interpretation of cell viability and cytotoxicity

measures [for an extensive explanation, see (Ghasemi et al.,

2021)], and as such the results of such a colorimetric assay

should be followed by complementary assays.While broadly used

as a readout to assess effects of different concentrations of a drug

and specifically in neuroprotection studies seeking to reverse the

negative effects of GCs, its value in assessing neuronal cultures is

now questioned, and, instead, flow cytometry assays for cell

viability and toxicity are suggested (Burroughs et al., 2012).

Moreover, there are doubts whether using MTT assays for

assessing the effects of GCs is the best approach in terms of

the pathophysiological context of SRMDs, given that cell death is

not the major cause of hippocampal atrophy in SRMDs such as

MDD and PTSD (Bremner, 1999; Sapolsky, 2000). For instance,

looking into neuronal-specific readouts such as neuronal

morphology that relate to, e.g., atrophy such as soma size,

neurite length, branching and complexity, or even neuronal

live-imaging might be preferred means to assess direct GC-

effects. That being said, neuronal subtype (i.e., cortical versus

hippocampal), research question, and disease etiology or

symptomatology, should all be taken into account and used as

a justification for performing MTT assays. For a better

assessment of GC-induced phenotypes in vitro, some groups

have looked instead at the expression levels of a few known

glucocorticoid-response element (GRE) containing genes such as

FKBP5, TSC22D3, and SGK1 (Heard et al., 2021; Cruceanu et al.,

2022), which is an improved method in showcasing many of the

changes seen following a GC challenge. Moreover, there is an

increase in transcriptomic and epigenetic studies (single-cell and

bulk) of in vitro neuronal cultures following exposure to GCs

(Provençal et al., 2019; Seah et al., 2021), which may help define

hallmarks to assess GC-induced phenotypes in neuronal cultures

in the future. It is important to keep in mind, that different

in vitromodels and GC concentrations may bring about different

outcomes and will hence make it more challenging to generalize.

Another variation among in vitro studies is the wide range of

GC concentrations being tested, which hampers drawing solid

conclusions from studies presenting contradictory results. This

specific concern could be addressed by developingmore stringent

methodologies for selecting a concentration range that best

resembles in vivo healthy and non-healthy conditions. In the

literature, there has been no attempt to define general criteria for

an acceptable concentration range of GCs to be tested, however if

we wish to produce standardized and reproducible in vitro

studies, more research into the influence of different GC

concentrations in different cell lines is needed to reduce

sources of variability and better model GC effects in vitro. It
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is important to note, that in vitro GC concentrations used are

relatively much higher than the possible levels in individuals

following a stressful experience or in SRMD patients (Anacker

et al., 2013). However, this increased concentration can be

justified by the nature of the medium being used, and the

presence of certain molecules that breakdown the availability

of GCs in culture, hence requiring higher concentrations to reach

the required effect (Anacker et al., 2013). That being said, in vivo

physiological concentrations might not be a good reference.

Overall, the use of relevant GC-induced phenotypes is

important and may depend on the research question at hand.

Viability assays, despite being commonly used, are not sufficient

to evaluate the effects of GC exposure and should be

complemented with expression levels of GC responsive genes

and proteins, and/or with measures of neuronal morphology

relevant to SRMDs. While it is clear that this is a challenge in and

of itself, standardized measurements such as expression of GRE-

containing genes, multi-omic data, and using various

assessments of cellular morphology to test for concentration

ranges of GCs and their effects in central nervous system cells

are recommended approaches.

4 Conclusion

Recent developments instigated progress in modeling stress

in-a-dish, although many challenges remain on the road ahead.

While many of the challenges may be technical in nature, several

equally important ones are more fundamental, especially when it

comes to defining stress parameters in vitro and selecting the

most suited cellular model(s).

It is therefore important to provide sufficient background

information and to describe in detail the reasoning behind the

selection of a particular cellular model, the type of GC employed,

the concentration and exposure time, and the GC-induced

phenotype. In addition, authors should be critical of their

choices and describe the advantages and limitations of their

model, in order for future studies to be improved. Eventually,

we foresee that the optimal range of GC concentrations, and

criteria for acute and chronic in vitro exposures for particular

research questions will need to be clearly specified and used

across laboratories. Along similar lines, the implementation of

robust and more harmonized assessments of GC-induced

phenotypes is necessary.

In order to allow for in vitro studies to fulfill their full-fledged

potential and improve our understanding of stress-related

mechanisms in health and disease, it is imperative to tackle

these issues. Nevertheless, the invested effort will help in

identifying the exact underlying mechanisms contributing to

stress susceptibility and resilience, increase our understanding

of SRMDs, and may finally lead to new therapeutic strategies.
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