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A B S T R A C T   

Antidepressants are used to treat depression and some anxiety disorders, including use in pregnant patients. The 
pharmacological actions of these drugs generally determine the uptake and metabolism of a series of neuro
transmitters, such as serotonin, norepinephrine, or dopamine, along with an increase in BDNF expression. 
However, many aspects of antidepressant action remain unknown, particularly whether antidepressants interfere 
with normal neurodevelopment when taken by pregnant women. In order to reveal cellular and molecular im
plications crucial to the functioning of pathways related to antidepressant effects, we performed an investigation 
on neuronally differentiating human SH-SY5Y cells. To our knowledge, this is the first time human SH-SY5Y cells 
in cultures of purely neuronal cells induced by controlled differentiation with retinoic acid are followed by short- 
term 48-h exposure to 0.1–10 μM escitalopram or venlafaxine. Treatment with antidepressants (1 μM) did not 
affect the electrophysiological properties of SH-SY5Y cells. However, the percentage of mature neurons exhib
iting voltage-gated sodium currents was substantially higher in cultures pre-treated with either antidepressant. 
After exposure to escitalopram or venlafaxine, we observed a concentration-dependent increase in activity- 
dependent BDNF promoter IV activation. The assessment of neurite metrics showed significant down- 
regulation of neurite outgrowth upon exposure to venlafaxine. Identified changes may represent links to mo
lecular processes of importance to depression and be involved in neurodevelopmental alterations observed in 
postpartum children exposed to antidepressants antenatally.   

1. Introduction 

Antidepressant drugs (ADDs) have been used to treat depression 
during pregnancy with controversial results (Olivier et al., 2015; Nul
man et al., 1997; Szegda et al., 2014; Dubovicky et al., 2017); both 
treated and untreated depression led to different neurodevelopmental 
alterations in the offspring. Nowadays, SSRI (selective serotonin reup
take inhibitor, e.g., escitalopram) but also SNRI (serotonin and norepi
nephrine reuptake inhibitor, e.g., venlafaxine) are the pharmacological 
choice for ADD treatment during pregnancy (Alwan et al., 2011; Vigod 
et al., 2016). Those ADDs are typically regarded as non-teratogenic and 
safe to use during pregnancy. Nevertheless, antenatal use of ADDs has 
been linked to neurological and behavioral problems in children (Olivier 

et al., 2015; Brandlistuen et al., 2015), with a small increased risk of 
congenital malformations (Olivier et al., 2015; Chambers et al., 1996; 
Udechuku et al., 2010). Neurodevelopmental deviations, such as autism 
spectrum disorders (ASD) (Rai et al., 2013; Fatima et al., 2018), 
attention-deficit/hyperactivity disorder (ADHD) (Leshem et al., 2021), 
anxiety (Brandlistuen et al., 2015), and abnormal psychomotor devel
opment (Mortensen et al., 2003), were observed in postpartum children 
exposed to ADDs prenatally. The World Health Organization does not 
recommend ADDs use during pregnancy due to restrictions associated 
with human subjects research and, thus, lack of medical studies deter
mining the teratogenic risk level (Kautzky et al., 2022). Recently the 
importance and need for molecular and mechanistic analyses associated 
with ADDs treatment during pregnancy were highlighted (Gentile and 
Fusco, 2017; Thompson et al., 2009). 
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Even though many studies have shown the effectiveness of ADDs in 
treating depression, their mechanism of action is not yet fully under
stood. The classical theory of the effects of ADDs is the monoamine 
hypothesis, particularly the role of 5-hydroxytryptamine (5-HT; sero
tonin) (Schildkraut, 1965; Coppen, 1967; Albert et al., 2012). Thus, the 
majority of pharmacological treatments are concentrated around this 
target. In addition, ADDs increase brain-derived neurotrophic factor 
(BDNF) activity in the brain, and this has been proposed as an essential 
part of the ADDs mechanism of action (Lee and Kim, 2010; Castrén and 
Monteggia, 2021). New studies show that ADDs can act directly through 
the BDNF receptor, tropomyosin-related kinase receptor type B (TrkB) 
(Casarotto et al., 2021). 5-HT and BDNF have different roles in devel
oping versus adult brains (Herlenius and Lagercrantz, 2001; Agholme 
et al., 2010). Therefore, we hypothesized that ADDs, through direct or 
indirect effects on 5-HT- and/or BDNF levels, can interfere with normal 
neuronal development. 

Among the indicators of neurodevelopment as well as neuro
regeneration in vitro, neurite outgrowth stands out as the most critical 
determinant of neuronal cell morphology and connectivity. Only a 
couple of studies focusing on the effects of ADDs on neurite outgrowth in 
neuronal cell lines have been published, in rat pheochromocytoma cells 
(PC12) (Meng et al., 2019; Gao et al., 2020). Considering this unknown 
territory in the field, more studies are required on different cell lines for 
a better understanding of ADDs. 

Human SH-SY5Y cells have been extensively used in neuropharma
cological and neurotoxicological studies. Additionally, these cells can be 
differentiated into different neuronal lineages, including mono
aminergic neurons, and are responsive to different neurotrophic factors 
(Agholme et al., 2010; Kovalevich and Langford, 2013). Thus, SH-SY5Y 
can serve as a solid cellular model to assess neurodevelopmental alter
ations under exposure to ADDs. Herein, we approached SH-SY5Y cells 
with a simple and reproducible neuronal differentiation protocol by 
RA-induced differentiation for 21-day in vitro. We also assessed the ef
fects of ADDs on neuron electrophysiology features, BDNF promoter 
activity, and neurite outgrowth at different concentrations on the last 
two days of differentiation. 

2. Materials and methods 

2.1. Pharmaceuticals and reagents 

Escitalopram oxalate (Tocris, 4796), venlafaxine hydrochloride 
(Tocris, 2917), both at 50 mM stock concentrations, and serotonin (5- 
hydroxytryptamine, 5-HT) hydrochloride (Sigma, H9523), and L- 
norepinephrine hydrochloride (Sigma, 74480) both at 10 mM stock, 
were dissolved in sterile ddH2O and stored at − 20 ◦C and used freshly 
avoiding freezing-thawing cycles. Recombinant BDNF (450-02) was 
from Peprotech, anti-BDNF antibodies (AB1513P) from Millipore, and 
TrkA receptor inhibitor GW 441756 (2238) was purchased from Tocris. 

2.2. Neuronal differentiation of SH-SY5Y cells 

Human neuroblastoma SH-SY5Y cells (ATCC, CRL-2266), at passage 
numbers between 9 and 15, were split at least twice after thawing and 
prior to initiating the differentiation protocol. The cells were grown on 
100-mm dishes in a culture medium based on DMEM with L-glutamine 

(Thermofisher, 42430025) supplemented with 10% FBS (Lonza, DE14- 
801F), 1% pyruvate (Thermofischer, 1360-070), and 1% penicillin- 
streptomycin (Thermofischer, 15140-122). Once the cells reached a 
confluence of ~70–80%, neuronal differentiation was induced in the 
culture medium based on DMEM with L-glutamine supplemented with 
1% FBS, 1% pyruvate, 1% penicillin/streptomycin, and 10 μM all-trans 
retinoic acid (“RA”, from a 20 mM stock in DMSO; BioGems, 3027949). 
The culture medium was refreshed every Monday, Wednesday, and 
Friday, lasting 21 days, termed differentiation day in vitro (DIV) − 0 to 
− 21 (Fig. 1). At approx. DIV14 cells changed their morphology to more 
neuron-like, with distinguishable neurites and clusterization. On DIV17, 
cells were harvested with Accutase (Thermofisher, A1110501) for 5 min 
at +37 ◦C and spun down at 900 rpm for 5 min. One 100-mm dish 
resulted in approx. 5–15 × 106 cells total yield. The cells were re-plated 
on 6-, 24-, or 96-well plates. All plates were pre-coated with 5 μg/cm2 of 
poly-L-lysine hydrobromide (“PLL”; Sigma, P2636) in ddH2O for 1 h at 
room temperature (RT), which was followed by removal of PLL and air- 
drying; and then with 5 μg/cm2 of Cultrex Basement Membrane Matrix 
(“ECM”; Bio-Techne, 3434-010-02) in ice-cold DMEM for 1 h at +37 ◦C, 
which was discarded immediately prior to seeding of the cells. The 
culture consisted of >99% live neurons, confirmed by labeling with 
NeuroFluor NeuO (STEMCELL Technologies, 01801) membrane- 
permeable fluorescent probe, 20 nM for 1 h at +37 ◦C. The exposure 
to pharmaceuticals was initiated on DIV19, for 48 h, in the differentia
tion culture medium, and the effects of ADDs were assessed on DIV21 
(Fig. 1). 

2.3. Immunofluorescent staining 

For immunostaining, differentiating SH-SY5Y cells were seeded onto 
lumox 96-well black plates with a transparent bottom (Sarstedt, 
94.6120.096) at the concentration of 1.5 × 104 cells/well in the dif
ferentiation culture medium. The cells were washed once with 1xPBS, 
fixed in ice-cold 99% methanol for 10 min, and stored at − 20 ◦C until 
immunostaining. Next, the fixed cells were washed thrice with cold 
1xPBS. The cells were incubated in blocking buffer (1xPBS containing 
0.05% Tween 20, 2.5% BSA, and 1% normal goat serum) for 1 h at room 
temperature (RT) or overnight at +4 ◦C. Then, the blocking buffer was 
discarded and substituted with a blocking solution containing primary 
antibodies (rabbit anti-TUBB3 (tubulin β class III; 1:2000, Sigma, 
T2200) and mouse anti-GFAP (glial fibrillary acidic protein; 1:1000, Cell 
Signaling Technology, 3670)) overnight at +4 ◦C. The following day, 
cells were washed thrice with cold 1xPBS and incubated with secondary 
antibody (goat anti-rabbit Alexa Fluor Plus 488 (Thermofisher, A32731) 
and goat anti-mouse Alexa Fluor Plus 594 (Thermofisher, A32742), both 
at 1:1000 dilution) for 1 h at RT. Next, the cells were washed thrice with 
1xPBS, and the samples were maintained in 1xPBS at +4 ◦C until im
aging. Immunofluorescence was imaged at 10× magnification using the 
IncuCyte ZOOM (Essen BioScience) live-cell imaging platform, with 
exposure times of 550 ms (green channel) and 950 ms (red channel). 
Immunostaining for MAP2 (microtubule-associated protein 2; 1:5000; 
Abcam, Ab5392), SYP (synaptophysin; 1:200; Abcam, Ab14692), and 
PSD-95 (postsynaptic density protein 95; 1:300; Abcam, Ab13552) with 
DAPI (4′,6-diamidino-2-phenylindole; 1:1000; Thermofisher, 62248), 
was performed as previously described (Lauvås et al., 2022). Immuno
fluorescence was assessed with the CellInsight CX7 High Content Anal
ysis Platform (Thermofisher). 

2.4. Western blotting 

Proteins from SH-SY5Y cells seeded in 6-well plates washed with 1x 
PBS were isolated by using RIPA buffer containing three protease in
hibitors (leupeptin 5 μg/μL, pepstatin A 1 μg/μL, phenylmethylsulfonyl 
fluoride 300 μM) and the phosphatase inhibitor Na3VO4 (300 μM). After 
measuring the protein concentration with the BCA Protein Assay Kit 
(Pierce, 23225), samples were harvested in Laemmli buffer 

Abbreviations 

ADDs antidepressant drugs 
DIV differentiation day in vitro 
RA retinoic acid 
TUBB3 tubulin β class III  

D. Zosen et al.                                                                                                                                                                                                                                   



Neurochemistry International 169 (2023) 105571

3

supplemented with 5% mercaptoethanol and denatured by incubating at 
95 ◦C for 5 min. Protein samples (20 μg) were loaded and run on SDS- 
PAGE gels (Bio-Rad, 4551095), using the Bio-Rad Mini-PROTEAN® 
electrophoresis system. The blots were analyzed with the primary an
tibodies SYP, PSD-95, MAP2 and TUBB3 as explained above. β-ACTIN 
(1: 5000; Sigma; A5346) antibody was used as loading control, and 
membranes were further incubated with Odyssey secondary antibodies 
goat anti rabbit (GAR) 800 and 680, and goat anti mouse (GAM) 680 (1: 
10000; LICOR). Odyssey® CLx Infrared Imaging System was used for 
quantitative analysis for detected bands. The signal intensity ratios of 
the proteins of interest were normalized to internal standard (β-ACTIN) 
and presented as relative to the average of controls. 

2.5. Electrophysiological studies in SH-SY5Y-derived neurons 

For electrophysiological experiments, differentiating SH-SY5Y neu
rons were seeded at DIV17 onto 24-well plates (Nunclon, 143982) with 
12 mm round glass coverslips coated with PLL/ECM at a concentration 
of 2 × 105 cells/well. On DIV21, the coverslips were transferred to a 
submersion chamber perfused with artificial cerebrospinal fluid 
(“ASCF”; containing in mM: 150 NaCl, 5 KCl, 1 MgSO4, 2 CaCl2, 10 
glucose, 10 HEPES; pH 7.4; 300–310 mOsm/L). Tetrodotoxin citrate 
(TTX, 1 μM; Alomone Labs, T-550) was used to confirm TTX-sensitivity. 
The same procedure was used for SH-SY5Y undifferentiated cells. The 
neurons were visually identified with an up-right infrared-differential 
interference contrast (IR-DIC) microscope (Olympus BX51WI) and 
captured with a CoolSNAP EZ with SSD ICX285 (Photometrics) video 
camera. Patch electrodes were fabricated from borosilicate glass capil
laries using a vertical puller (PC-10; Narishige). The pipette solution 
contained (in mM): 100 CsF, 40 CsCl, 5 NaCl, 0.5 CaCl2, 10 HEPES, 2 
EGTA, 2 Mg-ATP. Pipette solution aliquots were freshly made and 
filtered, osmolarity was 290 mOsm/L, and patch pipette resistance was 
8–10 MOhm. All recordings were performed using a Multi-Clamp 700B 
amplifier (Molecular Devices). Recordings and pre-processing of data 
were made with WinWCP (University of Strathclyde). The signals were 
typically low-pass filtered with a corner frequency (_x0005_3 dB) of 3 
kHz and sampled at 6 kHz by DigiData 1322A (Molecular Devices). 
Recordings were performed in a voltage clamp (recording of Na+/K+

currents) or current-clamp mode (action potential activation due to step 
current injection), applying the standard protocols. Vh = − 60mV, unless 
otherwise stated. Data analysis was performed with p-CLAMP 10 (Mo
lecular Devices) and OriginLab 8 (OriginLab Corp.). 

2.6. Cytosolic calcium detection 

The cells from 2.5. were tested for spontaneous calcium transients as 
a functional assessment in Ca2+-imaging experiments. The SH-SY5Y 
neurons were loaded with 1 μM Cal-520 (Cal-520 a.m.; Abcam, 
ab171868) calcium dye-containing ASCF for 30 min at +37 ◦C and then 
transferred to the recording chamber containing standard ASCF. The 
images were recorded with an upright microscope (Axioskop FS, Carl 

Zeiss) using a Zeiss W Plan-Apochromat 421462-99-00 40x/1.0 DIC VIS- 
IR ∞/0 objective, combined with the Andor iXon Ultra 897 camera. 
Image representation of time series was acquired at 10 Hz (512 × 512 
pixels) for 5 min. WinFluor software was used to analyze live calcium 
traces and derive various parameters reflecting the characteristics of 
cellular calcium signals. Fluorescence traces were normalized to the 
initial fluorescence intensity (ΔF/F0). 

Differentiating SH-SY5Y neurons were plated onto black 96-well 
plates (Corning, 3340, or 3603) with a transparent glass bottom at 2 
× 104 cells/well concentration. On DIV21, SH-SY5Y neurons were 
exposed to 4 μM Fura-2/acetoxymethyl ester (Fura-2/AM; Santa Cruz, 
108964-32-5) in a 100 μL/well culture medium for 30 min at +37 ◦C and 
5% CO2. All following wash steps and drug exposures were performed in 
Normal buffer (containing in mM:140 NaCl, 3.5 KCl, 15 Tris-HCl pH 7, 
1.2 Na2HPO4 x NaH2PO4 pH 7.4, 5 glucose, 2 CaCl2, in ddH20). After 
pre-treatment with Fura-2/AM, it was de-esterified by incubation with 1 
mM MgSO4 in Normal buffer for 10 min and washed twice before the 
baseline was measured. Subsequently, the wash buffer was replaced 
with test compounds in Normal buffer, and the [Ca2+]i value was 
measured 120-min post-treatment. The [Ca2+]i was measured by 
detecting Fura-2 fluorescence using CLARIOstar microplate reader 
(BMG Labtech), simultaneously assessing ratiometric F340/F380 [Ca2+]i 
(Ex: 340 [Ca2+-bound]/380 [Ca2+-unbound] nm, Em: 510 nm). N- 
Methyl-D-aspartic acid (NMDA; Sigma, M3262) and glycine (Sigma, 
G8790), as well as a selective non-competitive NMDA receptor antago
nist (+)-MK-801 hydrogen maleate (Sigma, M107), were used in control 
experiments. The average background autofluorescence from wells 
containing cells without Fura-2/AM was subtracted from excitations at 
340 nm, and 380 nm before the 340/380 ratio was calculated. 

2.7. Plasmid transfection and luciferase assay 

Differentiating SH-SY5Y neurons on DIV17 were plated on 6-well 
plates (Eppendorf, 0030720113) at 7 × 105 cells/well. The K2 Trans
fection System (Biontex, T060–0.75) was used according to the recom
mendations of the manufacturer. On DIV18, cells were transfected with 
pGL4.15 BDNF pIV (− 204/+320) Firefly luciferase plasmid (0.8 μg; a 
kind gift from Prof. Tõnis Timmusk (Pruunsild et al., 2011)) and internal 
control vector pRL-CMV Renilla luciferase plasmid (0.2 μg; Promega, 
E2261) to a total of 1 μg DNA/mL culture medium overnight at +37 ◦C 
and 5% CO2. Then, the cells were exposed to escitalopram or venlafaxine 
at different concentrations in a fresh differentiation culture medium on 
DIV19. After 48 h, on DIV21, Firefly luciferase was measured by 
detecting the reaction with D-luciferin (Thermofisher, 88291), and 
Renilla luciferase was measured using the Dual-Luciferase Reporter 
Assay System (Promega, E1910) kit, in a luminometer (EG&G Berthold 
Lumat LB9507) as previously described (Strøm et al., 2010). The Fire
fly/Renilla bioluminescence ratios were calculated, and the results are 
presented as normalized values relative to the average of controls. 

Fig. 1. SH-SY5Y differentiation protocol design and experimental timeline. Abbreviations: ADDs, antidepressant drugs; DIV, differentiation day in vitro; ECM, 
extracellular matrix; PLL, poly-L-lysine. 

D. Zosen et al.                                                                                                                                                                                                                                   



Neurochemistry International 169 (2023) 105571

4

2.8. Live-cell imaging and neurite outgrowth 

Differentiating SH-SY5Y neurons were seeded at a concentration of 
1.5 × 104 cells/well for neurite metrics onto TPP 96-well plates (TPP 
Techno Plastic Products AG, 92096) in a 150 μL/well volume of differ
entiation culture medium to observe neurite regrowth or the impact on 
regrowing potency of cells after cell reseeding. The IncuCyte ZOOM live- 
cell analysis system (Essen BioScience) was used to assess cellular 
metrics with an automated NeuroTrack software module (Essen 

BioScience, 9600-0010) module. Plates were scanned every 4 h over a 
48-h period using a 10× objective. Four images per well were captured, 
and images were analyzed for neurite length. The masks/filters adjust
ments for the Neurotrack phase-contrast image analysis were as follows: 
Segmentation mode: Texture; Hole fill: 0; Adjust size: − 5 μm; Min cell 
width: 8 μm; Neurite filtering: Best; Neurite sensitivity: 0.35 μm; and 
Neurite width: 1 μm. The following parameter was quantified: Neurite 
Length = sum of lengths of all neurites pooled/area of the image field. 

Fig. 2. Differentiating SH-SY5Y cells on DIV21: Phase-contrast (A) and immunofluorescence staining for TUBB3 (B) neuronal and GFAP (C) glial markers on DIV21. 
(A′) shows undifferentiated SH-SY5Y cells. High content imaging, D: MAP2, E: merge MAP2 and DAPI, F: DAPI, G: SYP, H: PSD-95, I: merge SYP and PSD-95 with 
DAPI. J: Comparison of synaptic protein levels between differentiated and undifferentiated SH-SY5Y cells by quantitative Western Blotting. Quantifications for 
presynaptic marker SYP (K), postsynaptic marker PSD-95 (L), marker for mature neuron MAP2 (M), marker for immature neuron TUBB3 (N). Data were normalized 
to β-actin and analyzed with Student’s t-test. **p < 0.01, ***p < 0.001 ****p < 0.0001, ns: non-significant. 
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2.9. Statistical analysis 

Data are presented as mean ± standard deviation (SD), for live-cell 
imaging with IncuCyte, results are presented as mean ± standard error 
of the mean (SEM), with replicates n ≥ 3–6 per group. Mann-Whitney U 
test, Student’s t-test, one-way or two-way analysis of variance (ANOVA), 
with Dunnett’s or Tukey’s multiple comparisons test (MCT), respec
tively, were used as described in each figure legend to determine a 
significant difference between treatments and controls at α = 0.05. A p- 
value of <0.05 was considered significant (*p < 0.05, **p < 0.01, ***p 
< 0.001, ****p < 0.0001). For the IncuCyte data, all time points and 
repeated measures data were used to build and run the analysis. All data 
were analyzed using GraphPad Software 8.2. 

3. Results 

3.1. Characterization of differentiating SH-SY5Y cultures 

Three weeks (differentiation day in vitro 21, DIV21) after neuronal 
differentiation induction with 10 μM RA (see Fig. 1 for experimental 
design; Fig. 2 A, phase contrast, A’ undifferentiated), 100% of SH-SY5Y 
cells were live neurons (positive labeling for NeuO, not shown), as well 
as expressing neuron-specific class III beta-tubulin (Fig. 2 B: TUBB3). No 
cells were found to be GFAP-positive (Fig. 2 C). Additionally, high- 
content imaging for MAP2, SYP, and PSD-95 proved the culture to be 
neuron-specific, expressing all three neuronal markers (Fig. 2, D-I; 
Suppl. Fig. 1). Most of the cells co-expressed both SYP and PSD95, 
indicating the formation of synaptic machinery. Western blotting data 
clearly showed a significant difference between undifferentiated and 
differentiated SH-SY5Y cells in terms of presynaptic marker SYP, post
synaptic marker PSD-95, and mature neuron marker MAP2 (Fig. 2J–N), 
whereas the marker of more immature neurons TUBB3 did not change. 
Suppl. Fig. 1 shows MAP2 immunofluorescence from undifferentiated 
and differentiated cells, highlighting their difference in morphology. 

To prove that differentiated SH-SY5Y cells are mainly neuronal in 

nature by electrophysiological means, we compared their properties 
with undifferentiated cells at the same time point (21 DIV, negative 
control) and mouse cortical neurons were used as a positive control 
(mouse 14–16 PND, Supp. Fig. 2). Individual cells were visually selected 
(Fig. 3. A, C) for recordings based on their morphology and assayed for 
physiological properties. 

In the voltage step protocol (from − 80 mV to +40 mV with 10 mV 
step), inward and outward currents were recorded in some portion of 
cells. The representative original traces of recorded transmembrane 
currents and corresponding current-voltage relation curve for inward 
sodium currents are shown in Fig. 3 B, D. Inward currents were 
reversibly inhibited by tetrodotoxin (TTX) 1 μM (data not shown), 
justifying that those inward currents are mediated by TTX-sensitive 
sodium channels. In a current clamp-mode with step current injection, 
none of the recorded cells showed action potential activation regardless 
of group (data not shown). 

Since SH-SY5Y cells endogenously express several Nav isoforms 
including Na v 1.2 and Na v1.7 (Vetter et al., 2012), with standard 
voltage step protocol we recorded inward Na + currents in whole cell 
voltage clamp mode from 6 out of 10 cells. The comparison of averaged 
normalized IV curves for all cells shows that in undifferentiated cells the 
sodium IV curve is largely shifted to high depolarizing potentials with 
current maximum activated around 0 mV that corresponds to those 
previously reported by Toselli (Toselli et al., 1996). The maximum 
current activation potential for differentiated cells was estimated 
around -40-35 mV and curve shape is common for non-mature rodent 
neurons (comparison with mouse cortical neurons shown in Suppl. 
Fig. 2). 

We also compared the maximum sodium currents amplitude range 
for differentiated versus undifferentiated cells. As shown in Fig. 3F, in 
undifferentiated cells sodium current amplitudes were significantly 
smaller (**p < 0.01, Mann-Whitney U test) than ones recorded from 
differentiated cells, most probably because of small cell size and low 
channel density. These data are in agreement with previously reported 
properties of Na channels expressed in undifferentiated SH-SY5Y cells 

Fig. 3. Differentiated SH-SY5Y neurons on DIV21 in the electrophysiological template: A, C: SH-SY5Y neuron and undifferentiated SH-SY5Y cell used in the patch- 
clamp experiment, differential interference contrast (DIC) microscopy image. B, D: Voltage-clamp recording of whole cell currents in the neuron representing the 
activation of Na+ and K+ currents and in undifferentiated SH-SY5Y cell. Each trace represents recordings from a single voltage step in the neuron as shown in stimuli 
protocol below the trace. E: Averaged normalized current-voltage (IV) curves for sodium currents recorded in SH-SY5Y neurons versus SH-SY5Y undifferentiated 
cells. F: The range of sodium current maximum amplitudes in differentiated SH-SY5Y neurons and undifferentiated cells. (**p < 0.01, Mann-Whitney U test). 
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versus RA differentiated, and show about 2-fold increase in the sodium 
currents amplitude upon differentiation (Toselli et al., 1996). 

The waveform of current-voltage relation for K+ currents was also 
substantially different for differentiated versus undifferentiated cells. 
The functional changes in potassium conductance of SH-SY5Y upon 
differentiation was previously described (Tosetti et al., 1998), but was 
not examined in this study (Suppl. Fig. 2). 

SH-SY5Y neurons labeled with Cal-520 showed spontaneous Ca2+

transients (Fig. 4A and B). To assess whether differentiating SH-SY5Y 
neurons can be used to determine cytosolic calcium changes, we used 
cultures on DIV21 and Fura-2 calcium-sensitive fluorescent probe to 
examine Ca2+-influx under exposure to NMDA receptor antagonist (MK- 
801) or NMDA receptor agonist (NMDA/glycine). After 120-min expo
sure, we observed a 53% reduction in cytosolic calcium influx with non- 
competitive NMDA receptor antagonist MK-801 and a 28% increase 
under exposure to NMDA/glycine (P < 0.0001, Fig. 4, C). 

3.2. Electrophysiological assessment revealed more cells exhibiting 
activation of Na + currents in SH-SY5Y neurons pre-exposed to 
antidepressants 

For electrophysiological assessment, we chose a single concentration 
of ADDs (1 μM) for treatment for both drugs. In total, 89 cells were 
recorded in all electrophysiology experiments (30 cells in control, 34 – 
in escitalopram, and 25 – in venlafaxine groups). Voltage-gated sodium 
currents were recorded from neurons in each group: control (n = 6, i.e., 
20%), escitalopram (n = 10, i.e., 29%), and venlafaxine (n = 13, i.e., 
52%). 

The neurons were kept at a holding potential of − 80 mV, and Na+

currents were recorded within a range of − 60mV to − 80 mV before the 
stimulation protocol for each cell. Under these conditions, Na+ currents 
exhibited a typical voltage-dependent activation with a threshold of 
activation between − 60 and − 50 mV and a maximum peak current of 
about − 20 mV (Fig. 5, A-C) in cells from all groups. Corresponding 
current-voltage curves (I/V curves) for the peak Na+ currents were 
normalized to the maximum current amplitude. No significant differ
ence in threshold voltage for maximum conductance was found, indi
cating no changes in the intrinsic properties of cells between groups of 
tested drug exposure. 

3.3. Cytosolic calcium was not affected by treatment with antidepressants 
in differentiating SH-SY5Y neurons 

We further studied the underlying mechanisms of escitalopram and 
venlafaxine actions in differentiating neurons. Previously, reports indi
cated an increased calcium influx in astrocytes treated with ADDs 

sertraline and paroxetine (Then et al., 2017). Thus, we used Fura-2 as a 
calcium-sensitive probe to assess the effects of ADDs on cytosolic cal
cium in SH-SY5Y neurons. Exposure to either escitalopram or ven
lafaxine did not have any significant effect on calcium influx 120 min 
post-treatment, though a slight positive trend could be observed for both 
escitalopram and venlafaxine (Fig. 6). Likewise, neither norepinephrine 
(NE) nor serotonin (5-HT) had any effect on cytosolic calcium influx. 

3.4. Antidepressants up-regulated activity-dependent BDNF promoter IV 
in differentiating SH-SY5Y neurons 

Since it is known that ADDs can act through BDNF (Castrén and 
Monteggia, 2021), which in turn is affected by Ca2+ signaling (He et al., 
2005; Tao et al., 2002), we analyzed the effect of escitalopram and 
venlafaxine on activity-dependent human BDNF promoter IV (Pruunsild 
et al., 2011). Both ADDs concentration-dependently up-regulated the 
BDNF promoter IV in differentiating SH-SY5Y neurons (Fig. 7), sup
porting the increased number of cells with sodium currents (3.2., first 
paragraph). 

3.5. TUBB3 was not significantly changed in differentiating SH-SY5Y 
neurons under exposure to antidepressants 

The neuron-specific class III beta-tubulin, also known as TUBB3 or 
Tuj1, is expressed in the post-mitotic neuron cytoskeleton (Katsetos 
et al., 2003) and thus may be used as an early maturation marker for 
neurons. Differentiating SH-SY5Y neurons were immunostained for 
TUBB3 on DIV21, 48 h post-exposure to drugs. After exposure to either 
ADD, no visible morphological differences between groups were 
observed for TUBB3 staining. Quantification of TUBB3-labeled fluores
cence intensities in the microplate reader showed a slight trend to higher 
immunofluorescence intensity (Fig. 8) for escitalopram (3–4% of con
trol, not significant) or venlafaxine (7–8% of control, not significant). A 
significantly higher intensity of TUBB3 expression was observed after 
treatment with 5 μM 5-HT (Fig. 8). 

3.6. Antidepressants down-regulated neuronal outgrowth in 
differentiating SH-SY5Y neurons 

The SH-SY5Y neurons were still growing and expanding the neurite 
network at the time of analysis, thus continuing the maturation pro
cesses, different from undifferentiated SH-SY5Y cells (Fig. 9). First, we 
assessed whether neuronal outgrowth is dependent on BDNF, utilizing 
50 ng/mL recombinant BDNF and 3 μg/mL anti-BDNF antibodies, as 
well as a TrkA receptor inhibitor (GW 441756) that was used as a 
negative control (Fig. 9, A). BDNF increased neurite outgrowth, whereas 

Fig. 4. Calcium in differentiating SH-SY5Y neurons on DIV21. A: Andor camera image shows SH-SY5Y neurons loaded with Cal-520 calcium dye. B: Spontaneous 
calcium signals in circled SH-SY5Y neurons (A) with Cal-520 fluorescent dye. C: Ca2+-influx measurement with Fura-2, MK: NMDA receptor antagonist (MK-801) 10 
μM, and N/G: NMDA/glycine 100/50 μM. Data are presented as normalized ratiometric values relative to the average of the control, and means are given with 
standard deviations. Each independent value is the mean of 4–8 technical replicates. Data were analyzed with a one-way ANOVA, with Dunnett’s multiple com
parisons test. ****p < 0.0001. 
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neurons exposed to 5-HT did not show a significant increase. In contrast, 
exposure to anti-BDNF antibodies, and TrkA inhibitor GW 441756 
reduced neurite length. Both ADDs negatively affected neurite 
outgrowth through 48 h (Fig. 9B and C), which was significant for 10 μM 
concentrations of venlafaxine after 48 h. For escitalopram, 10 μM, a 
tendency for a decrease was observed (p = 0.206). 

4. Discussion 

The present work was performed to improve our understanding of 
the complex interactions between the environment and the developing 
brain. Prenatal maternal depression has been linked to undesirable 
newborn outcomes, including lower gestational age and lower birth
weight (Field et al., 2008), neurobehavioral deviations in children 
(Smith et al., 2020), and also risks of maternal suicide if no active 
treatment is presented (Khalifeh et al., 2016). Unfortunately, ADD usage 
during pregnancy has also been associated with neurological and 
behavioral deviations in the offspring (Olivier et al., 2015; Brandlistuen 
et al., 2015; Chambers et al., 1996; Udechuku et al., 2010). Therefore, it 
is essential to investigate how these medications affect the developing 
human brain. ADDs are among the most commonly prescribed medi
cations for patients with major depressive disorder. The positive effects 
of ADDs medication on the mood of patients are well-documented 
(Cipriani et al., 2018), but the exact mechanisms by which these 

medications alter the brain are not entirely understood. Around 20% of 
pregnant women (Marcus et al., 2003) have symptoms of or suffer from 
depression, and the global burden seems to be growing, with now 
antenatal depression prevalence ranging from 15 to 65% (Dadi et al., 
2020), while only 1 out of 7 of these patients received any formal 
treatment (Marcus et al., 2003). 

Such neuromediators as 5-HT (Gaspar et al., 2003; Whitaker-
Azmitia, 2001) and norepinephrine (also known as noradrenaline) 
(Saboory et al., 2020) function as neurotrophic factors during brain 
development, suggesting that changes in monoamine levels brought on 
by ADDs use may have an impact on neurodevelopment, including cell 
differentiation, proliferation, and migration. Either hyper- or hyposer
otonemia may lead to neurobehavioral disorders, e.g., ASD (Rosenfeld, 
2020; Shah et al., 2018). Thus, we hypothesized that escitalopram, as an 
SSRI and via increase of 5-HT, and venlafaxine, as an SNRI and via in
crease of 5-HT and norepinephrine, would have neurodevelopmental 
effects when presented to developing neurons. Escitalopram and ven
lafaxine serve as good representatives of their corresponding SSRI and 
SNRI subclasses of ADDs; both can be prescribed for patients during 
pregnancy and cross blood-brain/placental barriers (Schoretsanitis 
et al., 2021). The experimental concentrations of ADDs were chosen 
based on clinical information, where maternal and umbilical cord 

Fig. 5. Electrophysiological recordings from SH-SY5Y neurons. Original traces of whole-cell currents (A, traces of a representative cell from the escitalopram group) 
were recorded following 10 mV voltage steps in a range of − 80 and + 40 mV (B, its corresponding I/V curve) from each exposure group. The averaged I/V curve for 
each corresponding treatment group (C), where individual I/V curves were normalized to the maximum current amplitude. 

Fig. 6. The effects of antidepressants on calcium influx in differentiating SH- 
SY5Y neurons on DIV21. Neurons were exposed for 120 min to escitalopram 
oxalate (E) or venlafaxine hydrochloride (V) in concentrations of 0.1, 1, and 10 
μM; norepinephrine (NE) 1 μM, or 5-hydroxytryptamine (5-HT) 5 μM. Data 
were analyzed with a one-way ANOVA with Tukey’s multiple comparisons test 
and presented as normalized values relative to the average of the control, and 
means are given with standard deviations. 

Fig. 7. The effects of antidepressants on activity-dependent BDNF promoter IV 
activation in differentiating SH-SY5Y neurons. The cells were exposed for 48 h 
to escitalopram oxalate (E) or venlafaxine hydrochloride (V) in concentrations 
of 0.1, 1, and 10 μM. The Firefly luciferase activity of the BDNF pIV was 
measured 48 h after transfection using a standard luciferase assay. The level 
was adjusted to an internal Renilla transfection control. Data are presented as 
normalized values relative to the average of the control, and means are given 
with standard deviations. Each independent value is the mean of 4–6 technical 
replicates. Data were analyzed with a one-way ANOVA with Tukey’s multiple 
comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001. 
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plasma concentrations for escitalopram were 0.011–0.23 μM (4.5–94 
ng/mL) and 0.011–0.13 μM (4.4–54 ng/mL), while for a venlafaxine 
concentration range of maternal and umbilical cord plasma was 
0.025–7.3 μM (7.8–2283 ng/mL) and 0.004–5.4 μM (1.4–1694 ng/mL), 
respectively (Schoretsanitis et al., 2021). In our experiments, we have 
used concentrations between 0.1 and 10 μM, which includes clinical 
concentrations and above but not toxic. 

The ability to access neuronal cell lines in the laboratory allows for 
the generation of models to study the impact of drugs on neuronal 
changes or the function of pathways. To study whether escitalopram or 
venlafaxine brings up developmental alterations in differentiating neu
rons, we utilized human neuroblastoma SH-SY5Y cells differentiated 
with RA as a model. SH-SY5Y cells are heterogeneous, consisting of 
neuroblast- and epithelial-like cells, which give characteristics of 
immature catecholaminergic neurons (Kovalevich and Langford, 2013). 
Depending on media conditions, SH-SY5Y cells can be differentiated 
toward various adult neuronal phenotypes, including cholinergic, 
adrenergic, or dopaminergic (Kovalevich and Langford, 2013; Kovale
vich et al., 2021). Previously, shorter differentiation protocols have been 
used with RA-induction of differentiation or by co-induction with RA 
and BDNF (Goldie et al., 2014; Dravid et al., 2021). We approached 
SH-SY5Y neuronal differentiation with a lengthier protocol since cells 
started to show distinguishable neuron-like morphology in the culture 
after DIV14. By reseeding the cells after DIV17, we focused on 
neuronal-like differentiated cells in our model and aimed to see the 
neural regrowth of these neuronal-like differentiated cells with and 
without exposure to ADDs. For the undifferentiated control, we waited 
for the same number of days (DIV4) after seeding undifferentiated cells. 

SH-SY5Y cells have been extensively used for the assessment of 
neuroactive pharmaceuticals and modeling of neurological disorders, e. 
g., Parkinson’s (Xie et al., 2010) and Alzheimer’s (Agholme et al., 2010), 
as well as depression, and ADDs studies (Correia et al., 2022; Guo et al., 
2016; Cavarec et al., 2013; Wang et al., 2015), proving the potential to 
serve as an in vitro model to study the development of depression and its 
underlying neurobiological mechanisms. This study aimed to use 
SH-SY5Y cells as a model to study the effects of ADDs treatment on the 
differentiating neurons. This was achieved by assessing the neuronal 
differentiation of SH-SY5Y cells in the presence of RA and different ADD 
concentrations. We demonstrate that SH-SY5Y cells can be differentiated 

toward a neuronal phenotype. Our findings suggest that differentiating 
SH-SY5Y neurons could provide a valuable model for further analysis of 
ADD effects on neurodevelopmental processes, as they express neuronal 
markers, BDNF, and undergo neurite elongation while not fully elec
trophysiologically mature. 

In spite of the fact that SH-SY5Y cells and -derived neurons are an 
established model for neurobiology and neuropharmacology, to date, 
there are few electrophysiology studies made in SH-SY5Y (Şahin et al., 
2021; Santillo et al., 2014; Cai et al., 2022). To the best of our knowl
edge, this is the first assessment of the electrophysiological profile of 
SH-SY5Y neurons under exposure to ADDs. Probably due to its cellular 
heterogeneity and/or neuronal immaturity, only a fraction of SH-SY5Y 
cells showed activated voltage-gated sodium channels during 
patch-clamp experiments. Those were tetrodotoxin-sensitive, and the 
latter is known to shape the action potential firing in neurons, thus 
confirming its neuronal origin. Notably, a higher percentage of cells 
exhibited Na+ currents in cultures treated with ADDs, whereas in the 
venlafaxine group, more than half of all cells had prominent Na+ cur
rents. No change in electrophysiological properties of Na+ and K+ cur
rents was seen with ADDs. 

A new systematic review from 2022 on the serotonin theory claims 
no association between serotonin and depression (Moncrieff et al., 
2022), which implies mechanisms other than SERT-dependent inhibi
tion be involved in ADDs action. The BDNF hypothesis of depression has 
been widely discussed regarding depression and antidepressant efficacy 
(Groves, 2007; Björkholm and Monteggia, 2016; Yang et al., 2020). A 
recent study showed that ADDs could act by directly binding to TrkB 
neurotrophin receptors (Casarotto et al., 2021), thus activating BDNF 
signaling. Furthermore, BDNF self-amplifying autocrine loop (Acheson 
et al., 1995; Cheng et al., 2011) suggests potentiating and prolonged 
effects. In our experiments, SH-SY5Y neurons responded to ADD treat
ments in a concentration-dependent manner, where activity-dependent 
BDNF promoter IV (− 204/+320) activation was gradually up-regulated 
with higher concentrations of escitalopram or venlafaxine. The BDNF 
promoter IV (formerly known as promoter III) is the one that responds 
most strongly to neural activity (Hong et al., 2008; Park and Poo, 2013). 
In fact, different patterns of stimuli represented by Ca2+ and/or cAMP 
signals control BDNF promoter IV (He et al., 2005; Tao et al., 2002; 
Sakata et al., 2009). Even though cytosolic calcium measurements did 
not show any significant effect after 120-min ADD exposure in our ex
periments, a slightly positive trend toward an increase could be 
observed. 

BDNF is expressed in the developing and adult brain, affecting 
neurons positively or negatively through various intracellular signaling 
via activation of its TrkB- or p75 neurotrophin receptor (p75NTR) re
ceptors (Numakawa et al., 2010), depending on cellular and molecular 
contexts. Mature BDNF mainly acts through the TrkB receptor, while 
pro-BDNF – preferentially via p75NTR, and those underlying signaling 
pathways potentiate opposite effects (Castrén and Kojima, 2017; Duman 
et al., 2021). Regulated and activity-dependent BDNF release activates 
BDNF/TrkB signaling and leads to (among others) cellular differentia
tion, arborization, and survival; whereas pro-BDNF is constitutively 
released, and activates the pro-BDNF/p75NTR cascade, leading to 
pruning, decreased growth and apoptosis. Our data suggest that neurite 
outgrowth down-regulation under treatment with ADDs in differenti
ating SH-SY5Y neurons is likely due to pro-BDNF/BDNF presence and 
activation of p75NTR downstream pathways. Although, we cannot 
exclude neurotrophins other than pro-BDNF/BDNF that have an affinity 
to p75NTR (NGF, NT-3, NT-4 and their respective pro-forms) (Bibel 
et al., 1999; Malik et al., 2021) and the balancing effects of other guiding 
factors involved in neurite outgrowth, which can also indicate 
BDNF-independent neurite suppression. In fact, SH-SY5Y neurite 
outgrowth was markedly reduced by TrkA receptor inhibition, implying 
more complex regulatory machinery involved. 

The 5-HT and BDNF interactions play an important role in essential 
developmental processes in the developing and adult brain (Popova and 

Fig. 8. The effects of antidepressants on TUBB3 neuronal marker in differen
tiating SH-SY5Y neurons. The cells were exposed for 48 h to escitalopram ox
alate (E) or venlafaxine hydrochloride (V) in concentrations of 0.1, 1, and 10 
μM. Norepinephrine (NE) 1 μM and serotonin (5-HT) 5 μM were used as con
trols. The neurons were immunostained for TUBB3, and immunofluorescence 
was measured with a plate reader. Data are presented as normalized values 
relative to the average of the control, and means are given with standard de
viations. Each independent value is the mean of 4–10 technical replicates. Data 
were analyzed with a one-way ANOVA with Tukey’s multiple comparisons test. 
**p < 0.01. 
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Naumenko, 2019; Martinowich and Lu, 2008; Homberg et al., 2014). 
They share common downstream effectors, can modulate one another, 
and have been proposed as mechanistic explanations for the develop
ment of neuropsychiatric disorders (Popova and Naumenko, 2019; 
Martinowich and Lu, 2008; Homberg et al., 2014). 5-HT induced BDNF 
expression and up-regulated BDNF protein level in rat raphe nuclei 
neuronal cultures at embryonic day 14 (Galter and Unsicker, 2000). 

Although the pro-BDNF/p75NTR primarily manifests pro-apoptotic ef
fects (Ichim et al., 2012), this pathway shares common underlying ef
fectors with 5-HT receptors that affect non-apoptotic functions (Popova 
and Naumenko, 2019; Kraemer et al., 2014). 

In differentiating rat neural stem cells, BDNF treatment did not 
change the expression of the TUBB3 protein (Langhnoja et al., 2021). On 
the other hand, BDNF increased the percentage of differentiated cells 

Fig. 9. Neurite outgrowth in differentiating SH-SY5Y neurons. The cells were exposed for 48 h to recombinant BDNF, anti-BDNF antibodies or TrkA inhibitor (5 μM) 
GW 441756 (A); and escitalopram oxalate (E) or venlafaxine hydrochloride (V) in concentrations of 0.1, 1 and 10 μM (B, C). Data are presented as normalized values 
relative to the average of the control, and means are given with standard deviations. Each independent value is the mean of 3–6 technical replicates. Data were 
analyzed with two-way ANOVA. **p < 0.01, ****p < 0.0001. Neurite lengths for escitalopram oxalate (D) or venlafaxine hydrochloride (E) at 48 h. Data were 
analyzed for the 48-h time point, each drug is compared to control and analyzed with Student’s t-test *p < 0.05. 
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expressing TUBB3 in mouse retinal neurospheres (De Melo Reis et al., 
2011). TUBB3 is associated with neuronal growth and migration (Poirier 
et al., 2010; Saillour et al., 2014). It has been shown that ADDs, 
particularly escitalopram, disrupt α-tubulin complexes (Singh et al., 
2018). In addition, TUBB3 was shown to be down-regulated by ven
lafaxine after 1 day of neuronally differentiating NCCIT cells (Doh et al., 
2015). Since the data on TUBB3 and ADD interactions vary, we assessed 
TUBB3 in our experiments. We observed a tendency to increase TUBB3 
expression in differentiating SH-SY5Y neurons. Although there was a 
trend toward TUBB3 up-regulation under treatment with ADDs, neurite 
measurements revealed a negative effect of ADDs on neurite outgrowth 
in differentiating SH-SY5Y neurons through 48-h exposure. 

Studies focusing on ADDs show neurite increase in rat PC12 cells 
(Meng et al., 2019; Gao et al., 2020), and some studies demonstrate 
neuroprotective effects upon addition of ADDs (Morello et al., 2021; 
Jantas et al., 2008). There is also evidence in the literature on axonal 
regeneration in adult rodents upon exposure of ADDs (Nakamura, 1990, 
1991). In contrast, our model showed decreased neurite length in human 
SH-SY5Y cells. This could be due to the species difference, or that it 
represents a different developmental stage due to a narrow develop
mental window or cellular phenotype such as its neuroblastoma origin. 
Taken together, it is crucial to study different cell types at different 
developmental stage to have a better understanding of the effects of 
ADDs. 

Changes identified in our study may represent links to molecular 
processes of importance to depression, as well as to be involved in 
neurodevelopmental alterations observed in postpartum children that 
were exposed to ADDs antenatally, such as ASD (Rai et al., 2013; Fatima 
et al., 2018), ADHD (Leshem et al., 2021), anxiety (Brandlistuen et al., 
2015), and abnormal psychomotor development (Mortensen et al., 
2003). Future research should elucidate the roles of the identified al
terations in the developing brain, mechanistic studies, and the relevance 
of the observed changes to findings in offspring exposed to ADDs pre
natally. The effects of these ADDs on the developing fetus should be 
investigated further in in vivo models, as well as the mechanisms of ac
tion by which these medications act on the human brain. It is crucial to 
provide accurate information to the public regarding the risks and 
benefits of medication use during pregnancy and improve the current 
paradigm of care for antenatal depression. 

5. Conclusion 

This work establishes differentiating SH-SY5Y neurons as a neuro
developmental model to identify ADD-induced neuronal changes for the 
first time in the literature. Our results demonstrate that ADDs up- 
regulate the activity-dependent BDNF promoter in differentiating neu
rons but down-regulate neurite outgrowth, the latter contrasting to adult 
neurons. 
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