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Objectives: Considering that the 3 Rs of regulation (replacing, reducing, and refining) are meant to reduce
the number and suffering of research animals and that current two-dimension (2D) in vitro and animals
models do not completely mimic the human presentation of the disease, there is a growing demand to
develop alternative models. Therefore, we propose here the use of a novel in vitro model of three-
dimensional (3D) neurosphere cultures to assess neurotoxic or neuroprotective effects with harmane
as a model compound.
Methods: A reproducible model of 3D spheroids was developed from embryonic mouse cortical neurons,
using molded agarose micro-wells; this method seems particularly practical as it is customizable and
widely available and does not require specific cell treatments or assay components different from 2D
cultures, allowing for the easy transposition of routine protocols. To assess the neurotoxic effects of
harmane, a resazurin assay was performed to measure cell viability, and a highly sensitive fluorometric
method, based on the oxidation of dichlorodihydrofluorescein, was applied to measure eventually
induced reactive oxygen species (ROS) after exposure to harmane at increasing concentrations of 50 100,
and 250 mM.
Results: Hydrogel microwells facilitated the assembly of spheroids containing neurons and glial cells into
a complex 3D structure and prevented the agglomeration of spheroids. Exposure to harmane induced
cytotoxicity in 3D neural spheroids, which was correlated with harmane concentrations, with a 27%
reduction in viability at 250 mM. Harmane that did not induce significant levels of oxidative stress was
detected for all tested concentrations.
Conclusion: This 3D neurosphere model mimics a neuronal microenvironment, allowing a fine study of
neurodegenerative disorders and the effects of chemicals on the brain. This model opens novel oppor-
tunities, not only from a pathogenetic point of view but also from a therapeutic perspective.
© 2022 Beijing University of Chinese Medicine. Production and hosting by Elsevier B.V. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The nervous system has many cell types with multiple func-
tions, complex anatomy, and unique structural and functional
characteristics. This complex organization makes the evaluation of
neurotoxicity and neuroprotection following exposure to chemical,
biological, or physical influences a real concern in neurosciences.

Neurotoxicity is conceivable because of direct effects on neural
structure, gliaeneuron interactions, or the organization and
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plasticity of the nervous system. It may target one or more neurons,
resulting in the loss of neurons by apoptosis or necrosis, dysfunc-
tion of the axons, or disturbance of neurotransmission. Damage
could be permanent or reversible, occurring directly after exposure
to a toxicant or with a delay, sometimes for years, and it can involve
the complete nervous system or a part of it.1 Neuroprotection
preserves the neural structure and function or slows down the
progression of neurodegeneration or malfunction by interfering
with a cascade of cell death or damage, by helping the nervous
system to recover, and/or by providing a protective effect; such
neuroprotection can be conceived before or during the progression
of nervous system damage.2
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Fig. 1. Chemical structure of bCA ring.
Note: For harmane, R1 ¼ CH3, R6 and R7 ¼ H.
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The in vitromodels most widely used in neurotoxicity screening
are classical two-dimensional (2D) models based on 2D cell
monolayers adherent on flat surfaces. These 2D models primarily
consist of cultures of primary cells, cancer cell lines, cells derived
from stem cells, and mixed cells; compared with in vivo studies,
they provide fast, cost-effective, and reliable methods with the
ability to control the concentration of a neurotoxicant, the duration
of exposure, the cell type, and environment. Moreover, in a suitably
installed model, the nutrients, growth factors, and oxygen are
equally distributed among the cells. These models offer easy
manipulation, high reproducibility, and ability to yield information
about the mechanisms of neurotoxicity with fewer ethical issues.
Even though 2D cell cultures have proven their capability in cell-
based studies, they are unable to faithfully represent a complex
in vivo environment, which is directly reflected in the results of
tests applied to them. Indeed, in vivo cells grow within a complex
three-dimensional (3D) microenvironment, which limits the rele-
vance of 2D culture systems to an in vivo situation and makes them
less biologically relevant as they miss complex cell-to-cell inter-
actions.3e6 In vivo microenvironments and their dynamics are
poorly understood and remain a major challenge in developing a
representative in vitro model. Huang et al. classified the key ele-
ments of a cellular microenvironment into the following 4 groups:
(1) the neighboring cells, which interact directly through cell-to-
cell physical contacts and indirectly via soluble factors and me-
chanical communication through the fibrous extracellular matrix
(ECM); (2) the factors soluble in the aqueous microenvironment,
which include basic nutrients and signaling molecules such as
hormones and growth factors; (3) the ECM itself, a complex
network of noncellular components that provide a biological scaf-
fold and regulate the cell growth, viability, motility, and differen-
tiation; and (4) the physical fields, which include the stress-strain,
heat, magnetic, or electrical stimuli that in vivo cells respond to.7

The adjunct of a third dimension to the culture system allows to
introduce these important aspects of ECM, cell-to-cell exchange,
spatial organization, nutrient access, cell geometry, and cell me-
chanics, which affect various receptors engaged in interactions,
thereby modulating cell responses and gene/protein expression
and closely mimicking the cellular microenvironment.8,9 Thus, a 3D
model is expected to better mimic the in vivo behavior of cells than
2D cultures.7,10 This reasoning has led to the development of
various models that simulate organs such as retina, intestine, pi-
tuitary, heart, brain, or liver.11e17 The ability of spheroidal models to
predict toxicity has notably been shown, and such cultures are
expected to improve toxicology screening tests.18e20

However, the implantation of 3D cultures remains a challenge.
On the one hand, many tools have been developed to efficiently
produce 3D cultures and can be classified into the following 2
groups: (1) non-scaffold models, which include self-aggregation of
spheroids over time in the absence of attachment scaffold at
different micro-wells21e24 and microfluidic systems25; (2) scaffold
models based on solid scaffolds or natural or synthetic hydro-
gels.26e28 On the other hand, the 3D models (1) are grown in
limited fluid flows, resulting in nonhomogeneous supply of nutri-
ents and evacuation of metabolic waste, with the formation of
necrotic centers; (2) afford limited protection against shear stress
related to manipulations; and (3) are prone to agglomeration be-
tween spheroids.29 Non-scaffolds seem particularly practical, as
they are customizable and widely available and do not require
specific cell treatments or assay components different from 2D
cultures, which means that routine protocols can be easily
transposed.30e32

Essential tremor (ET) is a progressive neurodegenerative and
movement disorder that causes involuntary and rhythmic trem-
bling of the hands, head, voice, legs, and trunk, which makes
2

normal tasks such as eating or writing difficult.33 The main clinical
features of ET consist of kinetic tremor of the arms (tremor occur-
ring during guided voluntary movements) with frequencies of
4e12 Hz, followed by postural and/or kinetic tremor of cranial
structures (i.e., neck, jaw, voice).34 Patients usually first become
aware of the tremor when holding newspapers or utensils or when
reaching for objects. ET is among the most prevalent disabling and
poorly understood neurological movement disorders, which espe-
cially affects elderly people but also appears in young adults and
even during childhood.35 ET is a complex disorder that might be
triggered by a combination of intrinsic and extrinsic mechanisms.
Regarding the latter, environmental risk factors contribute to the
etiology of ET in a considerable proportion of cases. Yet, there has
been little discussion in the tremor literature about a clear identi-
fication of these factors. Exposure to beta-carbolines, mercury, lead,
and organochlorine pesticides has been incriminated.36 Dietary
factors have been examined as possible disease contributors (with
positive or negative effects) in Parkinson’s disease and many other
neurological disorders.37e39 The dietary epidemiology of ET, how-
ever, has not been rigorously studied; therefore, little is known
about a possible association between ET and dietary factors. The
effects of different lifestyles on ET have been investigated. For
example, it has been shown that Mediterranean diet could have a
positive effect on reducing the risk of ET, while elevated meat
consumption has a negative effect on ET only in men.40 Some
intrinsic mechanisms, more specifically genetic factors related to
familial ET, are recognized, and the susceptible hereditary gene
components have been identified.40

From the scarce published data, the dietary intake of b-carboline
alkaloids (bCAs), including harmane (Fig. 1), has been implicated in
the pathogenesis of ET.40 Structurally, bCAs are heterocyclic amines,
consisting of a combination of five- and six-ringed cycles, con-
taining 2 amine groups with some structural similarity to 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) (Fig. 2),
which is commonly used to produce major toxin-induced animal
models of Parkinson’s disease.41 Like MPTP, bCAs are highly
neurotoxic and tremor-producing; they have been linked to ET
based on the literature that demonstrated the elevated blood har-
mane concentration and its presence in post-mortem brain sam-
ples of ET patients.41,42 Thanks to its lipid solubility, harmane
crosses the bloodebrain barrier by passive diffusion but also con-
centrates in the brain through an active uptake mechanism specific
for indole compounds.42,43 Laboratory animals exposed to harmane
and other heterocyclic amines develop an intense and generalized
action tremor a few minutes after administration; tremor re-
sembles ET and is accompanied by the destruction of cerebellar



Fig. 2. Chemical structures of the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and its bioactivation by MAOB to its toxic metabolite 1-methyl-4-
phenylpyridinium (MPPþ).
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tissues.44e46 Humans are exposed to these alkaloids daily through
the diet and other environmental factors. bCAs are natural indole
alkaloids and are widely distributed in nature bCAs, including
various plants and foodstuffs. These compounds have been first
detected in Peganum harmala L. (P. harmala, Luo Tuo Peng), a plant
known for inducing hallucinations and used in traditional medicine
for its antimicrobial, analgesic, antinociceptive, and abortion
effects47e49, but are also present in many other plants such as
Banisteriopsis caapi (used to prepare the psychoactive beverage
ayahuasca), Tribulus terrestris L. (T. terrestris, Ci Ji Li, an important
traditional Chinese medicine widely used as a diuretic and cough
expectorant and for the treatment of skin pruritus, red eye, head-
ache, and vertigo),50,51 and in Nicotiana tabacum leaves and ciga-
rette smoke.52 In addition, these compounds are endogenously
generated in human tissues and the brain.53,54 Of note, the neuro-
toxicity of bCAs depends on the dose; namely, high or chronic doses
trigger neurotoxicity,55 while low doses may increase dopamine
levels and perhaps even present protective properties.56 To achieve
neuroprotection, both monoamine oxidase A (MAOA) and mono-
amine oxidase B (MAOB)dthe enzymes responsible for catalyzing
oxidation of biogenic aminesdshould be inhibited to a certain
extent. This inhibition decreases the production of detrimental
reactive oxygen species (ROS), a primary factor in neuro-
degeneration. Interestingly, bCAs (norharmane and harmane),
which have been identified in cigarette smoke, can inhibit MAO
enzymes.57 This inhibition may explain the reduced risk of Par-
kinson’s disease in smokers.58 Nevertheless, it should be empha-
sized that although neurodegenerative diseases share many
pathological features such as oxidative stress, iron accumulation,
excitotoxicity, and elevated ROS production,59 the neuroprotective
action of tobacco smoke cannot be generalized to other neurode-
generative diseases, such as Alzheimer’s disease.60

The lack of clear mechanisms for ET development impedes
biochemistry-based studies; in addition, animal models do not
reproduce human tremor perfectly, remain expensive, and raise
ethical issues. The 3D cell cultures and organoids are being grow-
ingly used to bridge the gap between in vitro 2D cell cultures and
in vivo animal models. There is a consensus that 3D models are
more physiologically relevant than biochemical assays and 2D cell
cultures, as they more closely represent the microenvironments,
cell-to-cell interactions, and biological processes that occur
in vivo.61e63 Moreover, 3D neural spheroids are promising in the
research of neurological diseases as they may allow to carry out
screening studies to identify toxicological effects of environmental
factors, including harmane. However, 3D neuronal cultures remain
challenging for many technical reasons.

In this study, we aimed at investigating the effect of harmane
in vitro on an original 3D neurosphere model adapted from Dingle
et al.64 This model was based on a non-scaffold technique, which
requires reasonable lab equipment and offers reproducible
3

cultures, using prenatal mice neural cells and agarose-molded
wells. We developed our model by testing different microwell di-
ameters and cell densities. The ease of harvesting and the repro-
ducibility of neurosphere with 400 mm diameter produced with
large molds made it our choice for the assessment of harmane
neurotoxicity. This 3D embryonic neural culture contained neurons
and glia; as a single embryo yields a large number of 3D organoids
(typically, more than 400), this attractive model can be used to
study the pathogenesis of central nervous system (CNS) diseases
and the neurotoxicity of compounds and to develop novel thera-
peutic strategies.

2. Materials and methods

2.1. Ethical approval

All animal procedures and experiments were performed in
accordance with the guidelines established by the European
Communities Council (Directive 2010/63/EU of March 4, 2014) and
were approved by UMONS veterinary ethics committee of the
Faculty of Medicine and Pharmacy (LA150002).

2.2. Materials

2.2.1. Preparation of 3D micro Petri Dishes
MicroTissues® 3D Petri Dish® 24-96 and 24-35 were obtained

from Merck (Darmstadt, Germany) and UltraPure™ Agarose (Invi-
trogen) from Fisher (Merelbeke, Belgium).

2.2.2. Cell culture
Cell strainer with 40 mm pore size was purchased from Merck

(Darmstadt, Germany). Hank’s Balance Salt Solution (HBSS) (Gibco),
Neurobasal® Electro Medium (Gibco), B-27® Electrophysiology
(Gibco), Glutamax® (Gibco), fetal bovine serum (FBS, Gibco; EU-
approved; heat-inactivated for 30 min at 56 �C), and penicillin-
streptomycin (Gibco) were obtained from Fisher (Merelbeke,
Belgium).

2.2.3. Immunocytochemistry
Casein of high-purity grade and glass-bottom confocal slides

were obtained from VWR (Leuven, Belgium). In addition, 12-well
removable chambers, polyethylene glycol from Ibidi (Gr€afelfing,
Germany), MAP2 antibody (rabbit), GFAP antibody (rabbit), GFAP
antibody (mouse), goat anti-rabbit IgG (H þ L) cross-adsorbed
secondary antibody Alexa Fluor 594, goat anti-rat IgG (H þ L)
cross-adsorbed secondary antibody Alexa Fluor 594, goat anti-
rabbit IgG (H þ L) cross-adsorbed secondary antibody Alexa Fluor
488, and goat anti-rat IgG (H þ L) cross-adsorbed secondary anti-
body Alexa Fluor 488 were purchased from Thermo Fisher (Wal-
tham, MA). Anti-Tau antibody was purchased from Abcam



Table 1
The large 3D micro-dishes (24e35) with the cell seeding numbers for different
spheroid diameters.

Nominal spheroid diameter Cells/spheroid Total cells seeded (cells/75 mL)

200 1000 35 000
400 8000 280 000
500 15 625 547 000
700 42 875 1 500 000

Note: 24-well plate; smaller spheroids: 35.

Table 2
The small 3D micro-dishes (24e96) with the cell seeding numbers for different
spheroid diameters.

Nominal spheroid diameter Cells/spheroid Total cells seeded (cells/75 mL)

50 15 35 000
100 125 12 000
200 1000 96 000
300 3375 324 000

Note: 24-well plate; smaller spheroids: 96.

Table 3
Primary and secondary antibodies for immunohistochemistry.

Antibodies Host Reactivity Class Dilution

Primary
MAP2 Rabbit Human, mouse, rat Polyclonal 1:200
Anti-Tau Mouse Human, mouse, rat Monoclonal 1:100
GFAP Mouse Human, mouse Monoclonal 1:200
GFAP Rabbit Human, mouse, rat Polyclonal 1:250
Iba-1 Rabbit Human, mouse, rat Polyclonal 1:200
Anti-b-tubulin Mouse Human, bovine, rat Monoclonal 1:100

Secondary
Alexa Fluor 594 Goat Mouse Polyclonal 1:200
Alexa Fluor 488 Goat Rabbit Polyclonal 1:200
Alexa Fluor 594 Goat Rabbit Polyclonal 1:200
Alexa Fluor 488 Goat Mouse Polyclonal 1:200

R. Aro, A. Nachtergael, L. Ris et al. Journal of Traditional Chinese Medical Sciences xxx (xxxx) xxx
(Cambridge, United Kingdom), and Anti-Iba-1 was obtained from
Wako Chemicals (Neuss, Deutschland). Anti-b-tubulin, poly-
ethylene glycol (PEG) 8000, formamide of biology grade, and 4’, 6-
diamidino-2-phenylindole (DAPI) were purchased from Merck
(Darmstadt, Germany)

2.2.4. Cytotoxicity and ROS
Harmane (98%) was obtained from Merck (Darmstadt, Ger-

many); CellEvent caspase 3/7 green (Invitrogen), staurosporine,
and propidium iodide 1.0 mg were obtained from Thermo Fisher
(Waltham, MA); resazurin sodium salt dichlorodihydrofluorescein
diacetate was obtained from Merck (Darmstadt, Germany).

2.2.5. Microscopy
The images were acquired using a laser scanning confocal mi-

croscope (LSM 710) equipped with an Airyscan detector, spectral
(32-channels) PMT detector, and 7 laser lines, driven by the ZEN
blue software (Zeiss, Oberkochen, Germany); Olympus IX 70
inverted fluorescence phase contrast microscope, equipped with a
Hamamatsu digital camera C11440, LED illuminator pE-340 fura,
and 2 filter cube U-MWIG3 and U-MWIBA3, driven by the Cell
dimension software (Olympus, Tokyo, Japan); and field-emission
scanning electron microscope (JSM-7200F), operating at 2 kV
with secondary electron detection, after metallization with a JFC
1100E ion-sputtering device (JEOL, Tokyo, Japan).

2.3. Methodology

2.3.1. Preparation of 3D micro Petri Dishes
To obtain agarose hydrogel micro-wells with round-bottomed

recesses, 330 mL of 2% molten agarose in sterile saline (0.9% w/v
NaCl) was pipetted in 24-well plates 3D Petri Dish® (#24e35 large,
MicroTissues®), with each micro-mold forming 35 micro-wells or
96 micro-wells. Upon solidification, agarose was carefully removed,
transferred to a standard 24-well tissue culture dish, equilibrated
with complete cell culture medium (Neurobasal® Electro Medium
supplemented with 2% B-27® electrophysiology, 0.25% Glutamax®,
1% FBS, 0.5% streptomycin-penicillin), and then incubated in a 5%
CO2 humidified incubator at 37 �C. Since the agarose hydrogel was
transparent, the spheroids could be easily viewed using a standard
inverted microscope.

2.3.2. Cell isolation
Primary cultures of dissociated hippocampal and cortical neu-

rons were isolated from mouse BL6 E17 embryos. After mouse
dissection, the brains of the embryos were placed in cold HBSS;
hemispheres were divided; the brainstem and cerebellar tissues
were discarded; and the meninges were removed. The hippocam-
pus and cerebral cortex were collected and transferred to a 15-mL
conical tube containing HBSS and gently triturated by pipetting
with P1000 pipette until visual homogeneity. The suspension was
filtered with a cell strainer (40 mm pore size); then 10 mL of Neu-
robasal® medium with 10% FBS was gently added, and the cell
suspension was centrifuged (312�g, 10 min, 4 �C). The supernatant
was discarded, and the cells were resuspended in a complete
Neurobasal medium at room temperature (RT); the cells viability
and counting were determined using trypan blue.

2.3.3. 3D neural spheroid production
Themedium equilibrating the agarosemicrowells was removed;

the cell suspensionwas diluted with warmed complete Neurobasal
medium (at 37 �C) to the desired seeding density based on
Microtissues® protocol (Tables 1 and 2).65 For the continuation of
the work, the diameter-selection criteria depended on the repro-
ducibility and handling easiness. The cells were seeded onto the
4

agarose gels and incubated in a 5% CO2 humidified incubator at
37 �C. After 30 min, 1 mL of complete Neurobasal medium was
added slowly (on the board of the plate); 24 h after seeding, the
medium was removed fully and replaced with fresh complete
Neurobasal; then, cells/spheroids were fed every 3e4 days by
removing half of the old medium and replacing it with the same
volume of a fresh complete Neurobasal medium.

2.3.4. Immunocytochemistry
The protocols of immunostaining and clearing protocols were

inspired from Dingle et al.64 and from protocols of the University of
Mons (UMONS) Neuroscience Department. After 2 weeks of neuron
culturing, the spheroids were washed 3 times with warmed (37 �C)
phosphate-buffered saline (PBS, pH 7.4), fixed overnight at RT with
4% paraformaldehyde (PAF) in PBS at pH 7.4, washed with PBS, and
stored in 0.07% sodium azide PBS. To permeabilize the spheroids
and improve the penetration of antibodies, the spheroids were
incubated in a solution of PBS containing 0.2% Triton X-100 (1 h,
twice), followed by incubation in a blocking solution of casein 0.5%
and NH4Cl 5% in PBS (2 h, RT). The spheroids were transferred to
glass-bottom confocal slides or 12-well removable chamber slides
using a P-1000 pipette with end-cut tips (to minimize the damage
to spheroids), incubated (48 h, RT) in primary antibodies diluted
with the blocking solution, washedwith PBS/Triton X-100 0.2% (1 h,
twice), and incubated (48 h, RT) in secondary antibodies diluted
with the blocking solution (Table 3). To stain the DNA, the spheroids
were then washed with PBS/Triton X-100 0.2% (1 h, RT, twice),
counterstained with DAPI 0.5 mg/mL in PBS/Triton X-100 0.2% (1 h,
RT), and then rinsed with PBS.
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For ClearT2 clearing, the 3D spheroids were incubated with 25%
formamide/10% PEG in PBS for 10 min, then in 50% formamide/20%
PEG in PBS for 5 min, followed by 50% formamide/20% PEG in PBS
for 60 min as the final mounting solution.

2.3.5. Cytotoxicity
Given the difficulty to perform a microscopic measurement of

the spheroids, the method proposed by Pamies et al.,66 based on
measuring fluorescence in the culture media, was selected. On day
14 of culture, the medium was fully replaced with a fresh medium
containing the tested harmane concentrations of 50 100, and
250 mM prepared from a stock solution of harmane 10 mM in PBS
and 10% dimethyl sulfoxide (DMSO); maximal DMSO concentration
in contact with the spheroids, 0.25%. To measure the cell viability, a
resazurin assay was performed.66 Resazurin (7-hydroxy-3H-phe-
noxazin-3 one 10-oxide) is a blue dye, which is used as a redox
indicator for aerobic and anaerobic respiration. It is irreversibly
reduced to fluorescent resorufin.67 After 21 h of exposure to the
different harmane concentrations, resazurin (50 mL of a 2 mg/mL
stock solution in PBS) was directly added to the medium of 24-well
plates (1 mL/well). After incubation for 3 h at 37 �C and 5% CO2,
50 mL of themedium of eachwell was transferred to a 96-well plate,
and the fluorescence intensities were measured at 525 nm/
580e640 nm (excitation/emission) with a multi-well fluorometric
reader GloMax®-Multi þ Microplate Multimode reader (Promega,
Madison, WI). These viability results were compared with the
fluorescence intensity measurements corresponding to cells, neu-
rons, and glial cell after 24 h of exposure to the different concen-
trations of test compounds. The images were acquired using an
Olympus IX 70 fluorescence microscope, equipped with a Hama-
matsu digital camera C11440, LED illuminator pE-340 fura, and 2
filter cube U-MWIG3 and U-MWIBA3, driven by the Cell dimension
software. The fluorescence intensities were measured by Fiji soft-
ware (open source).

2.3.6. ROS measurement
A highly sensitive fluorometric method was used to measure

ROS.68 This method was based on the oxidation of 2’,7’-di-chlor-
odihydrofluorescein (DCFH) to the fluorescent 2’,7’-dichloro-fluor-
escein (DCF) by the free radicals generated in the medium. DCFH
was prepared by hydrolysis of 2DCFH di-chlorodihydrofluorescein
diacetate (DCFH-DA) as described by Cathcart and coworkers.69

After 3, 5, 9, and 24 h of harmane exposure, 50 mL of the medium
was collected, transferred to a 96-well-plate, and incubated with
50 mL of DCFH for 45 min at 37 �C and 5% CO2. The fluorescence
intensity was measured at 490 nm/510e570 nm (excitation/emis-
sion) in a multi-well fluorometric reader GloMax®-
Multi þ Microplate Multimode reader (Promega, Madison, WI).

2.3.7. Study of apoptotic and necrotic effects
On the 14th day of culture, we collected the neurospheres using

a pipette and transferred them to slides with a removable 12-well
silicone chamber (Ibidi®, Gr€afelfing, Germany). We replaced the
entire medium with a fresh medium with different harmane con-
centrations. Staurosporine at a concentration of 200 nM was a
positive control for apoptosis, while hydrogen peroxide at a con-
centration of 50 mM was a positive control for oxidative stress,
which mainly results in necrosis.

2.3.8. Statistical procedures
The SigmaPlot 11 software (Systat Software, San Jose, CA) was

used for statistical analysis. One-way, two-way, and three-way
ANOVA tests were performed, with a ShapiroeWilk test for
normality, a Brown-Forsythe test for equal variances, and a post-
hoc Bonferroni test for post-hoc pairwise multiple comparisons.
5

All data are shown as means ± standard deviation (SD) of at least
three biologically independent experiments performed with three
technical replicates. Statistical significance was set at P < .05.

3. Results

3.1. The assembly of neural cells into 3D spheroids

To define optimal conditions, monodispersed cortical cells
obtained from the mice embryos were seeded in the micro-
molded agarose wells at different seeding densities in the small
(8 � 12 array) and large (7 � 5 array) mold-casted gels. The
hydrogel microwells facilitated the assembling of the cells while
preventing the agglomeration between spheroids; the aggrega-
tion of the cells in the spheroids was noticed on day 4. After
several cell cultures with different spheroid diameters (Figs. 3 and
4), we determined that (1) the spheroids with the diameter of 50
and 100 mm in the small molds and 200 mm in the large mold were
not reproducible; (2) the spheroids with the diameter of 300 mm
in the small mold and 500 and 700 mm in the large mold were
difficult to harvest; and (3) the spheroids with 200 mm in the small
molds and 400 mm in the large molds were the best, both in terms
of size reproducibility and harvest easiness. We assumed that the
biggest spheroids would be more representative of the real cell
environment; thus, the spheroids with 400 mM in diameter ob-
tained at a seeding density of 8000 cells/micro-well from large
(7 � 5 array) mold-casted gels were our choice for the continua-
tion of the work.

Although this method requires simple laboratory equipment, it
needs a very careful and precise experimenter as different factors
affect the quality and quantity of spheroids, starting from the set-
up prior to culture and ending by spheroid harvest: (1) the qual-
ity of agarose micro-well shapes affects the distribution of cells and
thus the diameter of spheroids; (2) the pre-culture equilibration
with the medium; (3) the dissection and dissociation of cortical
tissues influence the quality of neurons seeded; (4) the time needed
for cells to settle and aggregate before adding the total volume of
medium; and (5) the regular and timely medium renewal.

3.2. Spheroid’s diameter

Monodispersed cortical cells were seeded in the large micro-
molded hydrogels at seeding densities of 8000 cells per micro-
well. The spheroid diameters on the first day in vitro (1 DIV) ranged
from 500 to 700 mm, and we noticed their aggregation from 4 DIV.
The spheroid diameter increased from 8 to 11 DIV; between 11 and
14 DIV, a reduced diameter growth was observed. The diameter
measurement of three biologically independent experiments per-
formed with 3 technical replicates indicated a mean diameter of
626 ± 81 mm on the first day, 363 ± 39 mm on day 4356 ± 39 mm on
day 8392 ± 31 mmon day 11, and 394 ± 37 mmon day 14. A two-way
ANOVA for the diameter with factors “time” and “culture” indicated
that the differences in the mean values among the different days
were greater than that would be expected by chance (P � .001)
(Fig. 5).

The measurements of spheroid diameters indicated that the
spheroids were well aggregated at 4 DIV, with a growth observed
between 8 and 11 DIV. Depending on the growth time, the
measured diameters were slightly different from culture to culture,
but became uniform on 11 DIV.

Based on our experience, different parameters can be improved
to yield a reproducible diameter culture: (1) making sure that the
agarosemold does not form a curved contact surfacewith the plate;
(2) automatizing cell counting; and (3) suspending the cells very
well before seeding.



Fig. 3. Visible light contrast microscopy images of neurospheres in small micro-wells on day 14, with seeding of monodispersed mice embryos cortical cells at initial densities of (A)
15 cells/spheroid and 50 mm in diameter, (B) 125 cells/spheroid and 100 mm in diameter, (C) 1000 cells/spheroid and 200 mm in diameter, and (D) 3375 cells/spheroid and 300 mm in
diameter.
Note: Magnification: 5 � . Scale bar ¼ 100 mm.
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3.3. Spheroid structure

3.3.1. Spheroid surface structure
The appearance of spheroids was analyzed by scanning electron

microscopy (SEM). On SEM images, the spheroids had a charac-
teristic 3D appearance, and these images were useful for evaluating
the surface structure of the spheroids. Based on that, we observed
the following 2 types of morphologies (Fig. 6): (1) spheroids with
hypercellularized surface, and (2) spheroids with more regular
shape and structure, with dispersed cells. The characterization of
the surface structure by SEM reflected the intricacy of cell-to-cell
connections, with complex surfaces and a bundle of axons and
dendrites (Fig. 7).

3.3.2. Identification and quantification of cell types
3.3.2.1. By fluorescence microscopy. CNS marker, based immuno-
cytochemistry coupled with fluorescencemicroscopy, allowed us to
identify neuronal cells by tracing dendrites through microtubule-
associated protein 2 (MAP2) expression, astrocytes through glial
fibrillary acidic protein (GFAP) expression, and nuclei through DAPI
staining (Fig. 8). Normalizing the fluorescence intensity based on
cell numbers is unrealistic in 3D. Thus, even though it is not ideal,
we selected to normalize the fluorescence based on the spheroid
diameter by hypothesizing that spheroids with close diameters
have similar radii and close cell numbers.

To determine the variability of the proportion of cell types in the
neurosphere among the different cultures, the intensities of fluo-
rescence were measured for the different biomarkers and
compared in 3 biologically independent experiments with 3 tech-
nical replicates. One-way ANOVA indicated that the P-value for the
difference between the groups was higher than 0.05, which
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indicates that the proportions of neurons, nuclei, and glial cells in
our neurospheres did not differ from culture to culture (Fig. 9).

3.3.2.2. By confocal microscopy. The confocal microscopy images
showed that neurons and glial cells formed complex 3D structures
in the spheroids. The neurons were stained by anti-neuronal anti-
bodies, including MAP2, beta III tubulin, and Tau; among the glial
cells, astrocytes were marked by GFAP and microglia were marked
by ionized calcium-binding adapter molecule 1 (IBA-1). The
confocal images (Figs. 10 and 11) yielded higher sensitivity than
fluorescence images, better signal-to-noise ratios, and higher X, Y,
and Z resolution while maintaining high-throughput data. How-
ever, the imaging penetration depth, increased light absorption,
and light scattering did not allow us to gather information from
more than 100 mM of depth. A water immersion objective with
40 � magnification was supposed to enable higher resolution and
details at greater depth; however, its use was more challenging as
the average diameters of 400 mM spheroids were too big for
40�magnification. For smaller spheroids, wewere able to obtain a
better resolution, but the depth could not surpass 100 mm, even
when applying clearing techniques. Therefore, the confocal images
were used for identification only, as it was challenging to obtain
high-quality images from the depth with our thick 3D neuronal
spheroids.

3.3.2.3. By sectioning/staining. The dark centers observed in the
spheroids on confocal imaging raised the question as to whether
these are due to a light penetration issue or due to the occurrence of
necrotic centers and/or central acellular matrices. To clarify this
issue, automated slice sectioning followed by hematoxylin and
eosin (H&E) staining and examination under visible light was



Fig. 4. Visible light contrast microscopy images of neurospheres in large micro-wells on day 14, with seeding of monodispersed mice embryo cortical cells at initial densities of (A)
1000 cells/spheroid and 200 mm in diameter, (B) 8000 cells/spheroid and 400 mm in diameter, (C) 15,625 cells/spheroid and 500 mm in diameter, and (D) 42 875 cells/spheroid and
700 mm in diameter.
Notes: Magnification: 5 � . Scale bar ¼ 100 mm.

Fig. 5. Spheroid diameters (8000 monodispersed mice embryos’ cortical cells/
spheroid) from 1 to 14 DIV from 3 independent experiments with 3 technical repli-
cates.
Note: The diameter decreased with the aggregation between 1 and 4 DIV (P < .001);
the mean diameters were stable between 4 and 8 DIV (P ¼ 1); and then they increased
till 11 DIV (P < .001) and were stable to 14 DIV (P ¼ 1). n ¼ 54.
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applied to the neuronal spheroids. The obtained images indicated
that there was no necrosis in the center but fewer cells that seemed
embedded in a loose connective tissue (Fig. 12).

3.4. Harmane and 3D neural spheroid viability

After exposure to the increasing concentrations of harmane (50,
100, 250 mM) for 24 h, the 3D neural spheroids showed a decrease
in cell viability (resazurin test), which correlated with harmane
concentration, down to 27% reduction at 250 mM harmane. As the
7

data were normally distributed (ShapiroeWilk test, P¼ .848), these
were compared by a two-way ANOVA test, with the factors “har-
mane concentration” and “experiment.” The difference was statis-
tically significant for the factor “harmane concentration” (P < .001)
and not statistically significant for factors “experiement” and
“harmane concentration � experiment” (P ¼ .402 and .121,
respectively). Post-hoc pairwise t tests (Bonferroni correction)
indicated that the differences were statistically significant for both
250 and 100 mM vs. the control group, with P < .001 and P ¼ .006,
respectively (Fig. 13).

For verification of these resazurin viability data, we measured
the intensity of fluorescence of neurons (MAP2), glial cells (GFAP),
and nuclei (DAPI) after 24 h exposure to the different concentra-
tions of harmane. We noticed a reduction in the intensity of fluo-
rescence for the 3 stains, which corresponded to the increase in
harmane concentrations (Fig. 14). A two-way ANOVA was applied
with the “harmane concentration” and “experiment” factors, and
we found a statistically significant effect of “harmane concentra-
tion” (P < .001 for nuclei, neurons, and glial cells). The effects of
“experiment” were not statistically significant for nuclei and glial
cells (P ¼ .524 and .375, respectively), but were statistically signif-
icant for the fluorophore of neurons (P ¼ .014). The “harmane
concentration � experiment” factor was statistically significant for
neurons (P < .001) and not significant for nuclei and glial cells
(P ¼ .2 and .4, respectively).

Despite the huge variability inherent to this experiment (vari-
ability that inevitably arises from the different variabilities we have
investigated, i.e., the sizes of spheroids and the distribution of the
different types of cells), the absolute fluorescence intensities indicate
a clearbut nonsignificant trend in reductionof viabilitywithharmane
concentration (Fig. 14A). When expressed in percentages of control



Fig. 6. SEM images of the 2 types of spheroids observed, a spheroid with a hypercellularized surface (A, red arrows; and B, C), and spheroids with a more regular, well-shaped
surface (A, white arrow; D).
Notes: The cells of the hypercellularized spheroids present irregular membranes probably damaged by the fixing solution (PAF 4%) or in dehydration or drying steps. The presence
of smooth then porous sections and incomplete spheres supports this hypothesis. However, the spheroids with the highest diameter might not be fully dehydrated, which explains
their more regular shape. Magnification: 170 � in A, 650 � in B, 550 � in C, 350 � in D. Scale bar ¼ 100 mm in A, and scale bar ¼ 10 mm in B, C, and D.

Fig. 7. Bundles of cellular extensions grouped into complex structured (A) and oriented networks (B) on the hypercellularized surface of a spheroid.
Notes: Magnification: 3300 � in A, 19000 � in B. Scale bar ¼ 1 mm.
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fluorescence, the trends appear clearer and the cytotoxic effect of
harmane is significant for total cells (nuclei) at 100 and 250 mM
(Fig. 14B) and for neurons and glial cells at 250 mM (Fig. 14C and D).

3.5. ROS measurement

After 3, 5, 9, and 24 h of exposure of spheroids to the increasing
concentrations of harmane (50, 100, 250 mM), the medium was
collected and mixed with DCFH; after 45 min, the fluorescence of
oxidized DCF was measured. The fluorescence intensities were
normalized by dividing the measured intensities into the average
8

measured intensity of negative control. There was a minute varia-
tion in ROS production according to harmane concentration treat-
ments and time, but there were no statistically significant
difference for factors “time,” “treatment,” and “experiment,”
(three-way ANOVA, P ¼ .055 for the factor “time,” P ¼ .721 for the
factor “treatment,” P ¼ .1 for the factor “experiment”) (Fig. 15).

3.6. Study of apoptosis and necrosis on spheroids

Among the 2420 neurospheres produced, after harvesting, 39
were excluded from the experiment because of induced damage



Fig. 8. Fluorescence microscopy images of neuronal spheroids after immunostaining with mouse GFAP monoclonal antibodies (astrocytes), rabbit MAP2 polyclonal antibodies
(neurons), goat anti-mouse IgG Alexa Fluor 488, and goat anti-rabbit IgG 594, followed by nuclear staining by DAPI, (A) the nuclei with DAPI; (B) the glial cells with GFAP; and (C)
the neurons with MAP2.
Notes: Magnification: 10 � . Scale bar ¼ 100 mm.

Fig. 9. Comparison of three cultures: fluorescence intensity of neuronal cells and
nuclei.
Notes:Mean values of MAP2, DAPI, and GFAP fluorescence intensities, which represent
neurons, nuclei, and glial cells, respectively, in three biologically independent exper-
iments performed with three technical replicates. MAP2: microtubule-associated
protein 2; GFAP: glial fibrillary acidic protein; DAPI: 4’,6-diamidino-2-phenylindole.
Bar in the box represents the median of data. There was no statistically significant
difference between the experiments (P > .05). n ¼ 9.
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while pipetting to transfer the spheroid (bubble in the medium or
damaged surface), and 63 were excluded as they were smaller than
340 mm or larger than 460 mm; this size range (400 mm ± 15%) was
arbitrarily selected to reduce the interference of diameters on
measurements, and the percentage of the excluded spheroids was
4.17%. Alterations in cell morphology occur in both necrotic and
apoptotic cells and can be determined by the assessment of staining
using fluorescent stains and fluorescence microscopy (Fig. 16).
3.6.1. Measurement of apoptosis
For apoptosis, we measured the fluorescence intensity induced

by the activation of the caspase cascade in neurospheres after 24 h
exposure to different concentrations of harmane (0e250 mM),
staurosporine 200 nM (apoptosis-positive control), or 50 mM H2O2
(necrosis-positive control) (Fig. 16). The fluorescence intensity
increased with the increased concentration of harmane. A two-way
ANOVA was applied for the factors “treatment” and “culture” and
for the interaction “treatment” � “culture,” indicating that the
differences were statistically significant for all factors (P < .001)
(Fig. 17). Post-hoc Bonferroni t tests showed a statistically signifi-
cant difference between the negative control group and harmane
250 mM and staurosporine 200 nM (P < .001).
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3.6.2. Measurement of necrosis
To assess necrosis, we measured the fluorescence intensity of

propidium iodide in the same conditions as for caspases. We
observed an increase in the propidium iodide fluorescence in
spheroids exposed to different treatments compared with the
control group (Fig. 18). A two-way ANOVA for the factors “treat-
ment” and “culture” and for the interaction “treatment”� “culture”
indicated that the differences were statistically significant for the 3
factors (P < .001). Post-hoc Bonferroni t tests showed a statistically
significant difference between staurosporine 200 nM and all other
treatments (P < .001), 50 mMhydrogen peroxide (H2O2) vs. negative
control (P ¼ .031), and harmane 250 mM vs. negative control and
harmane 50 mM (P < .01).

The difference between cultures was significant in both tests
(apoptosis and necrosis), but the treatment affected all cultures at
the same levels; in other words, the increase in necrosis and
apoptosis was related to the increased concentration of harmane;
both for apoptosis and necrosis, staurosporine 200 nM was a good
positive control (with a much higher effect on apoptosis than on
necrosis), while 50 mM H2O2 was not.

4. Discussion

bCAs, including harmane, occur in several medicinal plants and
dietary components. They have many biological properties,
including neurological effects, and these activities explain the use
of medicinal plants containing bCAs in traditional Chinesemedicine
and other traditional medicine. Lately, harmane has been incrimi-
nated in the pathogenesis of ET; however, there have been few
studies on that matter and little is known about a possible associ-
ation, which drew our attention to the need to develop a reliable
in vitro model to study the neurotoxicity of harmane and other
chemical molecules distributed in the environment and medicinal
plants.70

The 3D cell cultures and organoids are being growingly used to
bridge the gap between in vitro 2D cell cultures and in vivo animal
models. There is a consensus that 3D models are more physiolog-
ically relevant than biochemical assays and 2D cell cultures, as they
more closely represent the microenvironment, cell-to-cell in-
teractions, and biological processes that occur in vivo.61e63 How-
ever, the 3D neuronal cultures remain challenging in many
technical aspects. Notably, the sizes of these 3D spheroids must be
controlled because of the lack of circulatory system, which may
cause central necrosis zones due to a lack of oxygen and nutrients.



Fig. 10. Confocal images on day 14 indicate that the neural spheroids contain different CNS cell types, including (A) GFAP þ DAPI, (B) GFAP, (C) DAPI, (D) GFAP þ Tau, (E) Tau, (F)
GFAP, (G) MAP2 þ Iba-1, (H) Iba-1, (I) MAP2, (J) Class III b-tubulin þ DAPI, (K) class III b-tubulin, (L) DAPI (TUB).
Notes: DAPI: 4’,6-diamidino-2-phenylindole; MAP2: microtubule-associated protein 2; GFAP: glial fibrillary acidic protein. Magnification: 20 � . Scale bar ¼ 100 mm.
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Fig. 11. Confocal images obtained with a water immersion on day 14: (A) the different types of cells in neural spheroids, including (B) neurons (class III b-tubulin, green), (C)
astrocytes (GFAP, red), and (D) nuclei (DAPI, blue); (E) the 20 stacks of the composite image presented above illustrate the dark center, indicating the challenges to high-quality deep
imaging within a 3D spheroid.
Notes: Magnification: 40 � . Scale bar ¼ 50 mm.
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Fig. 12. Visible light images for different slices of 14 DIV neuronal spheroids: (A) and (B) at 100 mm depth, while (C) at 200 mm, stained with H&E staining.
Notes: Cell nuclei are colored in shades of blue and purple, and connective tissue is colored in shades of pink. The center of spheroids contains cells but a lower number, and their
cell bodies are larger than those in the periphery. The extracellular matrix is denser in the periphery than in the center. Magnification: 40 � . Scale bar ¼ 50 mm.

Fig. 13. Cell viability after 24 h exposure to different concentrations of harmane.
Notes: Data from 6 biologically independent experiments performed with 3 technical
replicates (resazurin viability test). There is a clear trend in viability reduction with
harmane concentration. There is a statistically significant difference between the
negative control and harmane 100 and 250 mM concentrations (ANOVA test).
**P ¼ .006, ***P < .001. n ¼ 18.
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This limitation is a key point in the development of 3D neural
spheroids as it may jeopardize the sensitivity of toxicity screening
tests.71 To circumvent these problems, advanced culture techniques
based on growing neurons either in microfluidic circuitry72 or in
co-culture with blood capillaries73 have been proposed; these are,
however, much more technically challenging. Involved technolo-
gies are also proposed for high-throughput workflow, accuracy,
precision, culture manipulation, and integrity. However, such
methods are still largely artistic, not standardized, and not acces-
sible in all laboratories.74

In this study, we described a reproducible 3D neurosphere
culture based on a non-scaffold technique, which requires
reasonable laboratory equipment, using prenatal mouse neural
cells and agarose-molded wells. Although this method requires
simple laboratory equipment, it needs a very careful and precise
experimenter as different factors affect the quality and quantity of
spheroids, starting from the set-up prior to culture and ending by
spheroid harvest, as follows: (1) the quality of agarose micro-well
shapes affects the distribution of cells and thus the diameter of
spheroids; (2) the pre-culture equilibration with the medium t; (3)
the dissection and dissociation of cortical tissues influence the
quality of neurons seeded; (4) the time needed for the cells to settle
and aggregate before adding the total volume of medium; (5) and
the regular and timely medium renewal.
12
We developed our method by testing different microwell di-
ameters and cell densities, and the diameter was controlled by
altering the number of seeded cells. Our 3D neurosphere cultures
comprised all brain cell types, including glial, microglial, and neural
cells. Moreover, the quantitative fluorescence intensities corre-
sponding to the different markers were invariable between the
cultures, demonstrating high reproducibility in terms of the pro-
portions of cell types in spheroids.

Quantifying the fluorescence of spheroids is challenging and
needs optimization and attention to increase the robustness of
assays and compatibility with high-throughput screening. In 2D
cell cultures, the signals are typically normalized based on the field
of view or numbers of cells; neither of the approaches is applicable
in spheroids, for which the method of fluorescence signals
normalization must reflect the variables of width, length, and
height radii of the spheroids.75 In our work, the attention to the
staining methods, their optimization, and normalization of the
fluorescence signals were taken into consideration to reduce the
errors and enhance sensitivity. The duration of spheroid staining
was increased; the signal was normalized by eliminating the size-
based differences in fluorescence; and, to do so, we analyzed the
spheroids within narrow ranges of radii. Although applying flow
cytometry analysis would undoubtedly be more precise for the
quantification of cell types, our trials indicated that it is quite
challenging to properly dissociate a neurosphere.

Confocal microscopy provides the highest sensitivity and X, Y,
and Z resolution imaging with high-throughput data acquisition.
Still, the imaging of 3D neural spheroids remains challenging in the
following aspects: (1) the inability of imaging optics to penetrate
deep into the 3D structure to provide relevant information (light
scattering and absorption limit confocal imaging at depths around
100 mm); (2) the density and diameter of the 3D spheres remain key
parameters for accessibility to imaging optics; (3) further challenge
remains in the measurement (segmentation and quantification) of
relevant 3D parameters in the reconstituted images, if possible in a
medium-to high-throughput manner.76

The use of some techniques allowed us to improve confocal im-
aging. Namely, we used a water immersion objective, which
improved the resolution as its higher numerical aperture allowed to
capture more light and smaller focal depth reduced the background
light and light scattering compared with air objectives; optical
clearing techniques were used to remove the lipid and protein
molecules that contribute to light scattering effects, and thus ho-
mogenize refractive indices within spheroids.77 We applied these 2
techniques to enable fluorescent imaging deep within the sphere.
The obtained confocal spheroid images enlightened the complexity



Fig. 14. Fluorescence intensities after 24 h exposure to different concentrations of harmane. (A) absolute fluorescence intensities; there is a clear trend in reduction with the higher
harmane concentrations; (B) fluorescence of DAPI (nuclei), relative to the control condition; there was a statistically significant difference between the control group and harmane
100 and 250 mM groups (P ¼ .01 and .002, respectively); (C) fluorescence of MAP2 (neurons), relative to the control condition; there was a statistically significant difference for all
groups vs. harmane 250 mM (P < .001); (D) fluorescence of GFAP (glial cells), relative to the control condition; the difference was statistically significant for all groups vs. harmane
250 mM (P < .001).
Notes: Data from 3 biologically independent experiments performed with 3 technical replicates (mean ± SD). n ¼ 12.

Fig. 15. ROS production measured with a DCFH test after 3, 5, 9, and 24 h of exposure
to different concentrations of harmane (0, 50, 10, 250 mM).
Notes: Data from 3 biologically independent experiments performed with 3 technical
replicates (mean ± SD). The difference was not statistically significant for the different
treatments and at the different time points. n ¼ 9.
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of the structure and illustrated the intricate architecture of the
spheroids’ microenvironment with the highest sensitivity.

Nevertheless, the limited penetration depth raises the question
about cell viability in the center of spheroids, which appears dark in
confocal images. In addition, analyzing confocal images, e.g., for
measuring connections, axons, or dendrites sizes, remains complex
and requires further expertise.

To visualize the spheroid’s centers, we applied traditional histo-
logical embedding, sectioning, and staining78 with H&E staining to
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highlight a broad range of cytoplasmic, nuclear, and extracellular
matrix features. The observationofmultipleH&E stainedhistological
slices at different depths of spheroids, including the center, indicated
that thedark centerswere due to the light penetration issue, and that
necrosis was limited. Compared with the rest of the spheroid, the
center appeared to contain more connective tissue and fewer cells.
This slicing techniquemight be the best to analyze the complexity of
the spheroids and could be completed by staining the slices with
different antibodies. However, this method certainly reduces the
analytical throughput and the advantages of 3D imaging.

For the cytotoxicity and ROS assays, we used harmane as a test
compound at different concentrations, over 24 h. Harmane, a natural
bCA, is described as both a neurotoxic and a neuroprotective mole-
cule. It is notably a strong inhibitor of myeloperoxidase79da key
player in neuroinflammation80da monoamine oxidase inhibitor81,
an antioxidant, and a chemoprotective agent.82 The neurotoxicity of
harmane has been related to its dopaminergic effects.83 However,
harmane has been incriminated in the pathogenesis of ET.84

The “resazurin reduction test” is considered a simplemethod for
measuring cell proliferation and cytotoxicity that can be quantified
by spectrophotometry of the culture medium. The application of
this test on 3D spheroids raises a question of whether the cell-to-
cell interaction inhibits resazurin uptake and reduces the reduc-
tion activity.85 For that, we applied a verification method for the
test, by comparing the resazurin measures of viability with the
measure of neurons (MAP2), glial cells (GFAP), and nuclei (DAPI)
fluorescence. The resazurin assay indicated a harmane
concentration-based trend in spheroids viability decrease after
24 h, with a reduction significant at 100 and 250 mM. Moreover, the



Fig. 16. Phase-contrast and fluorescence microscopy imagesof neuronal spheroids after exposure to different harmane concentrations (0, 50, 100, and 250 mM), staurosporine
200 nM, and 50 mM H2O2.
Notes: The phase-contrast images were used to define the acceptable spheroids; caspases 3/7 in apoptotic cells induce a green fluorescence, while propidium iodide stains nucleic
acids in necrotic cells with red fluorescence. Magnification: 10 � . Scale bar ¼ 100 mm.
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Fig. 17. The caspase-induced fluorescence intensity after 24 h exposure to different
concentrations of harmane, staurosporine, and H2O2.
Notes: Data from 3 biologically independent experiments performed with 3 technical
replicates. Bar in the box represents the median of data. Number of measured spher-
oids: 35 negative controls, 35 harmane 50 mM, 42 harmane 100 mM, 32 harmane
250 mM, 44 H2O2, 41 staurosporine. There was a statistically significant difference
between the negative control and both harmane 250 mM and staurosporine 200 nM
groups (P < .001).

Fig. 18. The propidium iodide fluorescence intensity after 24 h exposure to different
concentrations of harmane, staurosporine, and H2O2.
Notes: Data from 3 biologically independent experiments performed with 3 technical
replicates. Number of measured spheroids: 35 control negative, 35 harmane 50 mM, 42
harmane 100 mM, 32 harmane 250 mM, 44 H2O2, 41 staurosporine. There was a sta-
tistically significant difference between the negative control and harmane
250 mM (P < .001), staurosporine 200 nM (P < .001), and H2O2 (P ¼ .03).
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measurement of intensity fluorescence for neurons, glia, and nuclei
in spheroids exposed to different concentrations of harmane indi-
cated a similar reduction in viability, particularly for DAPI. These
results confirm the neurotoxic effect of harmane and the suitability
of a simple resazurin assay to measure the cell viability in
spheroids.

Next, DCFH assay was selected for extracellular ROS analysis.
The leaked ROS measurement indicated no significant difference
between the control conditions and the different harmane treat-
ments, at the different incubation times tested (up to 24 h).

The reduction in viability with harmane demands to analyze
whether the cytotoxicity is due to an apoptotic or necrotic effect;
apoptosis is an active cell death mechanism, programmed and
related to internal cellular factors, while necrosis is a passive death,
uncontrolled and dependent on extracellular factors.86 To investi-
gate an eventual apoptotic role of harmane, we measured the
caspase cascade, that is, the fluorescence intensity generated by the
cleavage of a caspase 3/7 substrate (positive control, staurosporine
200 nM); caspases are proteases and some of them are involved in
apoptosis. We also determined an eventual necrotic effect by a
propidium iodide test (positive control, H2O2 50 mM); this fluo-
rophore can stain the DNA of necrotic cells and cells with damaged
membrane. Both tests require fluorescence measurement, with
15
normalization of the fluorescence intensity to the spheroid diam-
eter, carefully delineating the measurement area by hand.

On the one hand, staurosporine is clearly a proapoptotic agent,
but some of the cells were also stained with propidium iodide;
spheroids appeared quite resistant to H2O2, which yielded only a
weak necrotic effect. In 2D neuronal cultures, H2O2 concentration
typically yields 50% of necrotic cell death after incubation of 12 h.87

This observation might relate to the selectively toxic effect of H2O2
on immature neurons culture (6 DIV) compared with mature
neurons culture (20 DIV).88 This may be worthy of further inves-
tigation for eventual survival mechanisms as this type of resistance
may question the relevance of data obtained on 2D cultures. On the
other hand, it is possible that the toxicant is not evenly distributed
within the spheroid, biasing the concentrations to which cells are
really exposed. The tests indicated that harmane has both apoptotic
and necrotic effects, with a probable predominance of necrosis. As
fluorescence measurements are quite challenging, yielding a high
heterogeneity of data, it would be advantageous to use another
method such as flow cytometry; however, despite our efforts, we
did not manage to successfully apply flow cytometry on spheroids
due to problems of cell dissociation.

5. Conclusion

Reducing the number of animals that are used in research is very
demanding and requires better in vitro systems. Indeed, the clas-
sically used 2D cultures do not meet all the researchers’ needs as
they do not represent the real in vivo environment in which cells
spatially and chemically interact; their lack of predictivity increases
the cost and failure rate of clinical trials and this is especially the
case in neurosciences. Recently, 3D cell cultures have received
much attention, as these are closer to tissue models; they are being
used growingly in the hope to bridge the gap between in vitro 2D
cell cultures and in vivo animalmodels. There is a consensus that 3D
models are physiologically relevant, as they more closely represent
the microenvironments, cell-to-cell interactions, and biological
processes that occur in vivo. Still, the challenges with 3D models
reside in end-point measurements.

The 3D neurosphere culture presented in this work has shown
the ability to reproduce a 3D culture using simple materials and
routine laboratory equipment. Despite the challenges in 3D culture
and data obtaining, this 3D neurosphere model mimics a neuronal
microenvironment, allowing a fine study of neurodegenerative
disorders and the effect of chemicals on the brain. However, we
raise the question as to whether an animal source of cells is the best
model, especially for CNS diseases, considering the complexity of
the brain in humans compared with rodents. It would be inter-
esting to investigate 3D models based on human stem cells, which
may be more relevant to diseases such as ET, where genetic factors
play a role; this could upgrade the research to another level.

Harmane was tested in our neural spheroid model for cytotox-
icity and oxidative stress induction. The obtained results support
the role of harmane as a neurotoxic agent but at a high concen-
tration; our data do not support a possible neuroprotective role of
harmane. Further studies are required to elucidate the biological
activities of harmane and to decipher, via in vitro tests, an eventual
relationship with ET disorder. Further research is needed to
determine the causes and consequences of elevated blood con-
centrations of harmane shown in ET patients.
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