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Abstract

The intricate nature of the human brain and the limitations of existing model systems to study molecular and cellular causes of
neuropsychiatric disorders represent a major challenge for basic research. The promising progress in patient-derived stem cell
technology and in our knowledge on the role of the brain oxytocin (OXT) system in health and disease offer new possibilities
in that direction. In this study, the rat hair follicle stem cells (HFSCs) were isolated and expanded in vitro. The expression
of oxytocin receptors (OXTR) was evaluated in these cells. The cellular viability was assessed 12 h post stimulation with
OXT. The activation of OXTR-coupled intracellular signaling cascades, following OXT treatment was determined. Also,
the influence of OXT on neurite outgrowth and cytoskeletal rearrangement were defined. The assessment of OXTR protein
expression revealed this receptor is expressed abundantly in HFSCs. As evidenced by the cell viability assay, no adverse or
cytotoxic effects were detected following 12 h treatment with different concentrations of OXT. Moreover, OXTR stimulation
by OXT resulted in ERK1/2, CREB, and eEF2 activation, neurite length alterations, and cytoskeletal rearrangements that
reveal the functionality of this receptor in HFSCs. Here, we introduced the rat HFSCs as an easy-to-obtain stem cell model
that express functional OXTR. This cell-based model can contribute to our understanding of the progression and treatment
of neuropsychiatric disorders with oxytocinergic system deficiency.
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Introduction

The development of effective strategies to treat neuropsy-

P4 Mohammad Saied Salehi chiatric disorders is a global challenge of the twenty-first
saied_salehi @sums.ac.ir century. Despite some progress made in recent decades,
04 Inga D. Neumann the knowledge of underlying molecular and cellular causes
inga.neumann@biologie.uni-regensburg.de of most psychopathologies like autism spectrum disorder

(ASD) or generalized anxiety disorder (GAD) remains lim-
ited. These mental illnesses are complex and multifactorial
in nature, rendering it challenging and almost impossible
to create accurate animal models [1]. Thus, developing
disease-relevant tissue and cellular model systems could
address current bottlenecks in the drug discovery process
of these diseases [2]. However, patient brain biopsies and
their post-mitotic neurons are inaccessible. The use of
stem cell technology has provided a number of promising
avenues for novel biological and therapeutic discoveries for
neuropsychiatric disorders [3]. The generation of induced
pluripotent stem cells (iPSCs) through reprogramming of
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patient fibroblasts, peripheral blood, keratinocytes, hair
follicles, and other somatic cell types offers great potential
to overcome the obstructions currently impeding the pro-
gress toward a better understanding and optimal treatment
of mental disorders [4]. The ability of iPSCs to produce
otherwise inaccessible cells, such as neurons, represents
their main advantage [5]. Crucially, iPSC models provide
a scalable platform to study genotype—phenotype corre-
lations for complex genetic disorders and are suitable for
high-throughput screening of therapeutic agents [6]. To
date, the iPSC technology has proven largely successful in
modeling and recapitulating a variety of neuropsychiatric
diseases in vitro [7]. Its combination with CRISPR-Cas9
genome editing technologies makes it a powerful tool to
elucidate disease mechanisms [8, 9]. Although iPSC models
address several challenges associated with studying mental
illness, notable limitations remain. Upon reprogramming of
somatic cells, not only the cellular lineage identity is reset,
but the epigenetic landscape of the cell is erased as well.
This poses a significant challenge to the study of neuropsy-
chiatric disorders, which are largely influenced by epigenetic
modifications. Other limitations of iPSCs are the relative
high cost of required reagents, and the time-consuming
nature of generating iPSCs and their differentiation into neu-
rons [10]. The development of a sister technology, directly
converting fibroblasts to functional-induced neurons (iNs)
[11], provides a valid alternative to conventional iPSCs. This
transdifferentiation strategy circumvents the issue of epige-
netic erasure and could be a valid alternative for the mod-
eling of environmentally induced neuropsychiatric diseases
[12]. Application of iPSCs and iNs has provided a unique
molecular/cellular insight into neuropsychiatric disorders.
However, technical variability in the generation of neural
cells hinders progress in both strategies. Thus, using a cell
type that recapitulates the molecular and cellular signatures
of neural cells, is easy to obtain, and has reasonable cultiva-
tion and differentiation ability can benefit the field. Since
2013, our research group has been studying the characteris-
tics and regenerative potential of hair follicle-derived stem
cells (HFSCs) of rats and human [13-18]. These multipotent
stem cells are located in the bulge region of hair follicles
throughout adulthood, are ontologically related to the nerv-
ous system and show a high level of physiological plasticity
[19]. In the current study, we investigated the expression
of oxytocin receptor (OXTR) in HFSCs migrated from the
bulge region of rat hair follicles. The oxytocin (OXT) sys-
tem, including the OXTR, play a pivotal role in the regu-
lation of socio-emotional behaviors [20-22]. It has been
suggested that dysregulations in the oxytocinergic system,
including genetic and epigenetic modifications, alterations in
OXT and OXTR expression patterns, and OXTR-mediated
intracellular signaling cascades might contribute to various
psychopathophysiologies [23, 24]. According to numerous
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studies, single nucleotide polymorphisms (SNP) in the Oxtr
are associated with ASD, depression, and schizophrenia
[25]. Also, differential DNA methylation of the Oxtr as a
major epigenetic modification may play an important role
in the regulation of social behavior and the development of
social anxiety [26, 27]. In patients suffering from schizo-
phrenia, reduced expression of OXTR has been reported
in the posterior medial temporal cortex [28]. In autism,
reduced OXTR expression was found in the superior tem-
poral gyrus [29], whereas in patients with bipolar disorders
and depression enhanced expression of OXTR was docu-
mented in the prefrontal cortex [30]. Translational animal
models, including prairie voles [31, 32] and multiple mouse
models of ASD [33-35] have been developed to expand our
knowledge about contributions of the oxytocinergic system
to ASD, GAD, and schizophrenia. Despite the availability
of animal models that shed light on the role of OXT and
OXTR, the number of patient-derived stem cell models
linked to this neuropeptide and its receptor remains negligi-
ble. In this regard, we assess the expression levels of OXTR
in migrated stem cells of hair follicles and evaluate its func-
tionality through responding to OXT stimulation. Hence,
we introduce here a novel cellular platform for biological
and therapeutic studies of neuropsychiatric disorders associ-
ated with oxytocinergic system deficiency. It has been well
documented that upon OXTR binding, OXT induces a set of
intracellular signaling cascades, of which ERK1/2-CREB is
the most prominent one [36-38]. In addition to the activa-
tion of CREB and modulation of transcriptional processes,
OXT was also described to regulate the translation factor
eukaryotic elongation factor 2a (eEF2a) [39], essential for
translation and protein synthesis. In turn, synthesized pro-
teins may influence cellular responses, such as structuring
of cellular processes termed neurites. Neurite outgrowth or
retraction can be modulated by altered cytoskeleton stress
fiber formation [40]. Therefore, we focused on activation of
downstream signaling pathways, alteration of neurite length
and cytoskeletal rearrangement to define the functionality of
OXTR in target HFSCs, following OXT stimulation. In this
study, we introduce the rat HFSCs as an easy-to-obtain stem
cell model that is ontologically connected to the nervous
system, which can be used to investigate cellular responses
toward OXTR activation. This cell-based model will ulti-
mately contribute to our understanding of the progression
and treatment of neuropsychiatric disorders with oxytocin-
ergic system deficiency.

Materials and Methods

In the current study, four 3-week old (male, 30-50 g) and
four newborn (post-natal day 1-3) Wistar rats were used
for isolation of hair follicle stem cells and astrocyte culture,
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respectively. The efforts were made to minimize animal suf-
fering and reduce the number of animals used.

Cell Line and Primary Cultures

H32 cells (rat hypothalamic neuronal cell line) were cultured
in DMEM/F12 (Sigma-Aldrich, # N6658) supplemented
with 10% fetal bovine serum (FBS, Capricorn Scientific,
# FBS-HI-11A) and 1% penicillin/streptomycin (Sigma-
Aldrich; # P4333). Primary rat cortical astrocytes were
obtained from newborn rats, as previously described [41].
Here, cells were cultured in DMEM/high glucose (Sigma-
Aldrich; # D6429) supplemented with 10% FBS, 1% peni-
cillin/streptomycin, 1% non-essential amino acid solution
(Sigma-Aldrich, # M7145) and 1% L-Glutamine (Life Tech-
nologies; #35,050,038).

To isolate rat hair follicle stem cells, the bulge of hair fol-
licles was micro-dissected from the whisker pad of 3-week
old rats, as previously described by our group [13]. Briefly,
the hair follicles were dissected and mechanically cleaned
to remove dermal and adipose tissues. Next, the dermal
papilla and hair follicle capsule were removed and discarded,
the bulge region was excised and explanted onto collagen
(1 mg/ml, Roche; #11,179,179,001) coated 4-well plates.
The culture medium was alpha-modified minimum essen-
tial medium (Gibco, Ref: 12,561-056) supplemented with
10% FBS, 10% day 11 chick embryo extract (Life Science
Production, #MD-004 UK), 1% penicillin/streptomycin, 1%
non-essential amino acid solution, and 1% L-Glutamine. The
bulges were incubated in humidified atmosphere at 37°C, 5%
CO,. Following migration from hair bulges, stem cells were

passaged at nearly 80% confluency, using 0.25% Trypsin/
EDTA (Sigma, #T4049), and were used according to the
respective experiment. To assess the ability of these stem
cells to form spheres, the trypsinized stem cells were seeded
on 1% agarose coated 96-well plates at a density of 5x 10
cells in a volume of 200 ul per well, as previously described
[42]. Characterization of migrated stem cells and evaluation
of OXTR expression were both carried out after the first sub-
culture routine (P1) and before their treatment (P4, Data not
shown) to confirm the identity of stem cells and expression
of OXTR. Protein extraction, morphological assessments,
and viability/proliferation assays were performed at 10
min, 3 h and 12 h post stimulation of HFSCs (P4) with 100,
500, or 1000 nM OXT (Fig. 1). Accordingly, the following
experimental groups were assigned: HFSC treated with (i)
100 nM OXT; (ii) 500 nM OXT; (iii) 1000 nM OXT; and
(iv) non-treated stem cells (Control: CTRL).

Immunofluorescent Staining

Cells were seeded in 4-chamber glass slides at a density
of 7.5 x 10* cells per chamber. To fix the cells, 4% para-
formaldehyde (PFA) was added to the cell culture medium
(1:1) for 2 min, afterwards the medium was aspirated and
1 ml 4% PFA added to each well for another 10 min. Fol-
lowing, three washes with PBS-T, cells were blocked with
blocking solution (0.1% Triton X-100, 1% FBS, 10% NGS
prepared in PBS) for 30 min and incubated in diluted pri-
mary antibody solution (0.5% Triton X-100, 3% FBS pre-
pared in PBS) overnight at 4 °C. Primary antibodies were
used as follows: mouse anti-nestin monoclonal antibody
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Fig. 1 Schematic time-line protocol of the study
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(1:50; Abcam, #ab6142), rabbit anti-SOX10 polyclonal
antibody (1:100, Proteintech, #10,422—-1-AP), mouse anti-
beta III Tubulin monoclonal antibody (1:1000, Abcam,
#ab78078), mouse anti-MAP2 monoclonal antibody
(1:200, Abcam, #ab11267), rabbit anti-GFAP monoclonal
antibody (1:500, Cell Signaling, #12389s), rabbit anti-oxy-
tocin receptor polyclonal antibody (1:100, Alomone labs,
#AVR-013), Phalloidin-AlexaFluor488 (1:200, Cell Sign-
aling, # cs8878) Phalloidin-iFluor594 (1:1000, Abcam,
#ab176757). The following day, cells were washed 3 times
with PBS-T, re-blocked with 3% BSA for 10 min, and incu-
bated in secondary antibody for 2 h at room temperature
(RT). Secondary antibodies were applied as follows: goat
anti-rabbit IgG AlexaFluor488 (1:1000, ThermoFisher,
#A-11008), goat anti-rabbit IgG AlexaFluor488 (1:1000,
Abcam, #ab150085), goat anti-rabbit IgG AlexaFluor594
(1:1000, ThermoFisher, # A11012), goat anti-mouse [gG
AlexaFluor488 (1:1000, Abcam, #ab150117), and goat anti-
mouse AlexaFluor594 (1:1000, ThermoFisher, #A11032).
Finally, the surface of each chamber was covered with
one drop of ProLong™ Glass Antifade Mountant with
NucBlue™ Stain (Invitrogen, # P36985) that contained
DAPI for counterstaining and coverslip used to avoid sam-
ple drying. Images were captured with a Leica DM5000B
epifluorescence microscope. The immunostaining was per-
formed in triplicate and repeated trice.

RNA Isolation and Quantitative Reverse
Transcription-Polymerase Chain Reaction

Total RNA was extracted from hair follicle stem cells grown
in 6-well plates at ~90% confluency, using RNeasy mini kit
(Qiagen, # 74,104) according to the manufacturer’s instruc-
tions, followed by DNase I (Qiagen, #79,254) treatment and
measurement of total RNA concentration and purity using
NanoDrop spectrophotometer (Thermo Scientific, Waltham,
USA). cDNA was synthetized from 1 pg total RNA using
SuperScript® IV Reverse Transcriptase (Invitrogen,
#18,090,010). Then, real time-PCR was performed in trip-
licate using PowerUp™ SYBR® Green Master Mix (Ther-
moFisher, #A25743) and OXTR primers (listed in Table 1)
on a QuantStudio 3 Real Time PCR System (ThermoFisher).
According to the MIQE-guidelines [43] we report the fol-
lowing PCR cycle conditions: 50°C for 2min, 95°C for 2min,

followed by 40 cycles of 95°C for 3s and 60°C for 30s. The
reference genes Gapdh and Rpl13A were used as internal
reference controls. The 2 =22 method was used to calculate
the relative changes in expression of the target genes.

Cell Viability Assay

Cellular viability was assessed using the PrestoBlue Cell
Viability Assay (Invitrogen, # A13261) according to the
manufacturer's instruction. Briefly, 2 x 10* cells per well
were seeded 12h before the test in a 96-well-plate in 90ul
growth- or stimulation medium. Following treatment with
different concentrations of OXT, 10 pl of PrestoBlue Rea-
gent was added directly to the cells, incubated for 3 h, before
reading the fluorescence intensity with a FluoStar Plate
reader (BMG). This experiment was performed in triplicate
and repeated trice.

Western Blot

Proteins were extracted from hair follicle stem cells grown
in 6-well plates by washing the cells twice with ice-cold
PBS, followed by scraping the cells in ice-cold PBS,
collecting the cell pellet by centrifugation at 500 g, and
immersion in RIPA buffer (Sigma Aldrich, # R0278) with
0.5M EDTA (Thermo Scientific, #1,861,283) and HALT
protease and phosphatase inhibitor cocktail (Thermo Sci-
entific, #1,861,284). The whole-cell lysate was kept on ice
for 30 min and vortexed vigorously every 10 min. Follow-
ing 15 min centrifugation at 16,000 g, the protein lysate
was collected, and protein concentration was quantified
using the BCA protein assay kit (Thermo Fisher Scien-
tific, # 23,225). Protein extract separation (20 pg/lane)
was performed on a 12% Criterion™ TGX Stain-Free™
Protein Gel (Bio-Rad, # 5,678,045). After activating the
reaction between the proteins and trihalo compounds in
the gel, separated proteins were transferred to a nitrocel-
lulose membrane (Bio-Rad, Trans-Blot Turbo Midi 0.2
um Nitrocellulose Transfer Packs, # 1,704,159) for 30
min at 25 V using the Trans-Blot Turbo System (Bio-Rad;
1,704,150). The membrane was blocked for 1 h in either
5% BSA or 5% milk powder at RT and incubated with
the primary antibody overnight at 4°C (Table 2). The next
day, membranes were washed trice and incubated with the

Table 1 List of primers and

. . - Gene Forward primer (57-3") Reverse primer (57-37) Amplicon
Fhelr.respectwe amplicon length length
in this experiment [bp]
Oxtr CTGGAGTGTCGAGTTGGACC AGCCAGGAACAGAATGAGGC 136
Gapdh TGATGACATCAAGAAGGTGG CATTGTCATACCAGG AAATGAG 185
Rpl13A ACAAGAAAAAGCGGA TGGTG TTCCGGTAATGGATC TTTGC 172
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Table2 The list of antibodies used in immunoblotting experiment
with their respective concentrations

Primary Antibody Secondary Antibody

P44/42 MAPK (Erk1/2)
Cell Signaling #9102
1:1000 in 5% BSA

Phospho-p44/42 MAPK (pErk1/2)
(Thr202/Tyr204)

Cell Signaling #9101

1:5000 in 5% BSA

pCREB (Ser133)
Millipore #06519
1:5000 in 5% BSA

peEF2 (Thr56)
Cell Signaling #2331
1:1000 in 5% BSA

Anti-rabbit IgG, HRP-linked
Cell Signaling #7074S
1:1000 in TBS-T

Anti-rabbit IgG, HRP-linked
Cell Signaling #7074S
1:1000 in TBS-T

Anti-rabbit IgG, HRP-linked
Cell Signaling #7074S
1:5000 in 5% BSA

Anti-rabbit IgG, HRP-linked
Cell Signaling #7074S
1:1000 in TBS-T

respective secondary antibody, conjugated to horseradish
peroxidase for 1h at RT, followed by three washes for 5
min. To visualize target proteins, the membrane was incu-
bated with Clarity™ Western ECL Substrate (Bio-Rad, #
1,705,062). After 5 min the membrane was exposed and
imaged on a Bio-Rad Gel Doc XR Imager system. The
resulting images were quantified using Bio-Rad ImageLab
6.0.1 software and stainfree total protein method as load-
ing control. The immunoblotting for each target protein
was performed in triplicate and repeated trice.

Morphological Assessment
Neurite Length Measurement

To measure neurite length, cells were seeded on 12-well
plate at a density of 1.5 x 10° cells/plate. Cells were treated
with OXT (100, 500, 1000 nM; and following 10 min, 3
and 12 h; # 4,016,373,Bachem), or OXTR agonist (TGOT;
100, 500 1000 nM; 12 h; #4,013,837, Bachem) or OXTR
antagonist (L-371,257; 1 mM; #2410, Tocris) which was
applied 30 min before OXT treatment. Next, cells were
gently fixated by adding 1 ml 4% PFA to each well. After
2 min, this solution was discarded and replaced with by
4% PFA for another 10 min. The fixed cells were washed
three times with PBS and cells were stained with crysel
violet solution (1%, Merck, # 1.15940.0025). The neurite
length was determined by manually tracing the length of
the longest neurite per cell, from the edge of the nucleus
to the apical end of the projection (using the measuring
tool in ImageJ Fiji version 1,52r software, NIH, USA).
It is worth noting that this experiment was performed in
triplicate and repeated trice.

Intensity Measurement

To perform intensity measurements, hair follicle stem
cells were seeded in 4-well chamber slide at a density of
4% 10% cells/chamber. All experimental groups were fix-
ated and blocked as described in the Immunofluorescent
staining section. Cells were incubated with AlexaFluor488
Phalloidin (1:200, Cell Signaling, # c¢s8878) for 10 min
to fluorescently stain the cytoskeleton through the bind-
ing of phalloidin to F-actin. Finally, slides were mounted
with ProLong™ Glass Antifade Mountant with NucBlue™
Stain (Invitrogen, # P36985). The quantitative analysis of
fluorescent intensity was performed using ImageJ software
(Version 1.52¢) on images captured with a Leica DM5000B
epifluorescence microscope. The fluorescence intensity
was calculated by averaging the fluorescence intensity
of all pixels and subtracting the non-specific background
from outside the cell. This assessment was conducted in
triplicate and repeated trice. It is worth noting that during
image acquisition, identical acquisition parameters have
been maintained, and saturation of image pixels was con-
trolled by LUT-guided avoidance of blue (saturated) pixels.

Statistical Analysis

The statistical analysis was performed with GraphPad Prism
(Version 7.03, GraphPad Software Inc., San Diego, CA)
using a one-way analysis of variance (ANOVA) and Tukey
post hoc analyses. Separate statistical analyses were con-
ducted using the t-test. Statistical significance was accepted
at p<0.05. The data are presented as mean + SEM.

Results
Characterization of Hair Follicle Stem Cells

Few days after bulge explantation, migrated stem cells
with stellate morphology were observed around the bulges
(Fig. 2A-C,). Immunostaining against nestin (marker of
neural crest stem cells) and SOX10 (key transcription fac-
tor expressed in neural crest stem cells) verified the identity
of migrated stem cells (Fig. 2D,E) and immunofluorescence
staining of cytoskeletal filamentous actin with phalloidin
revealed the general morphology of cells (Fig. 2D). Intrigu-
ingly, all migrated stem cells were immunofluorocently posi-
tive for B III Tubulin and MAP2, which confirm ability of
these stem cells to generate neurons in vitro (Fig. 2G,H). A
spheroid formation assay revealed that HFSCs can generate
tight spheroids in agarose coated plates, providing a three
dimentional (3-D) platform for future investigations (Fig. 2I).
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Fig. 2 Hair follicle stem cells in vitro expansion and characteristics.
To isolate hair follicle stem cells, the hair follicles of rat whisker pads
were dissected (A,B), and the bulge area excised and explanted on
collagen coated plates. Few days later, migrated stem cells appeared
around the bulges (C), scale bar: 100 um. Almost all migrated stem
cells are nestin (D) and SOX10 positive (E). Immunostaining of
cytoskeletal filamentous actin with phalloidin revealed the general

Expression of Oxytocin Receptor in Hair Follicle
Stem Cells

The assessment of OXTR protein expression in HFSCs by
immunostaining revealed that this receptor is expressed abun-
dantly at a level comparable to rat cortical astrocytes and
hypothalamic H32 cells. Co-expression of the OXTR and
Nestin confirmed the identity of HFSCs (Fig. 3A-D). Here, the
expression of OXTR mainly appeared in plasma membrane
and cytoplasm. The cytoplasmic and nuclear distribution of the
OXTR protein has been observed previously [44, 45]. In fact, G
protein-coupled receptors (GPCRs) expression in the cellular
membrane can exert cytotoxic effects when it becomes exces-
sive in the expression [46, 47]. Also, culture of these stem cells
in presence of FBS that contains oxytocin can lead to OXTR
internalization. Therefore, minimal expression of GPCRs at the
cell membrane can be expected. In contrast to the protein data,
OXTR mRNA levels in HFESCs were significantly lower than in
astrocytes (Fig. 3G, H). As evidenced by a cell viability assay,
no adverse or cytotoxic effects were detected following 12 h
treatment with 100 nM, 500 nM, or 1000 nM OXT (Fig. 3I).

@ Springer

morphology of migrated stem cells and their cytoskeletal arrange-
ments (F). Also, p III Tubulin (G) and MAP2 (H) expression con-
firm the ability of these stem cells to generate neurons in vitro. The
spheroid formation assay revealed that these stem cells generate tight
spheroids in agarose coated plates (I). Cell nuclei were counterstained
with DAPIL. Images are examples of three different assessments for
each immunostaining (n=3), scale bar: 50 pm

Activation of Downstream Signaling Cascades
Following OXT Treatment

We have determined OXTR-coupled intracellular signaling
cascades by different doses of OXT (Fig. 4A, B). The MAP
kinase ERK1/2 is directly coupled to the OXTR and should
be activated first. Indeed, 10 min of OXT stimulation sig-
nificantly increased the phosphorylation of ERK1/2, with
levels returning to baseline thereafter (Fig. 4C). Down-
stream targets of MAP kinases are transcription factors,
such as CREB. In line with the ERK1/2 activation, 100,
500, and 1000 nM OXT also induced phosphorylation
of CREB, 10 min following treatment (Fig. 4D). Conse-
quently, any factor that is involved in protein translation
has to get activated with a delayed onset, after kinases and
transcription factors produced the mRNA. One such factor
is eEF2, which has been shown to be activated by OXT via
dephosphorylation [39]. In line, we have found decreased
phosphorylation of eEF2, 3 h after treatment with 500 or
1000 nM OXT, with continued activation for 12 h with
1000 nM OXT (Fig. 4E).
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HFSC

Astrocyte
H32

Fig.3 OXTR expression in hair follicle stem cells. The immu-
nostainings revealed that OXTR expression was co-localized with
Nestin expression (A-D), scale bar: 25 um. The results confirm that
OXTR expression is comparable with cortical astrocytes (E) and
H23 cell line (F), scale bar: 25 pm. Cell nuclei were counterstained

Effects of OXT on Neurite Outgrowth

Treatment of hair follicle stem cells with 100, 500, or 1000
nM OXT for 10 min, 3 and 12 h significantly elongated the
neurites (Fig. SA-D). As OXT effects can also be mediated
via vasopressin receptors, the specificity of OXTR-induced
neurite outgrowth was tested using either a specific OXTR
agonist (TGOT) or antagonist (L-371,257). Twelve hours
of TGOT treatment (100, 500, 1000 nM) resulted in similar
effects on neurite length as with OXT, indicating an OXTR-
mediated effect only (Fig. SE). Pre-treatment of hair follicle
stem cells with the OXTR antagonist L.-371,257 blocked
the OXT-induced increase in neurite outgrowth (Fig. SF).
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with DAPI. Images are examples of three different assessments for
each immunostaining (n=3). However, the OXTR gene expression
in HFSCs was lower than in astrocytes (G) and almost equal to H32
(H). Also, none of the evaluated concentrations of OXT showed cyto-
toxic effect on the HFSCs following 12 h treatment (I) (n=12)

Effects of OXT on F-Actin Stress Fiber Formation

We made use of the specificity of phalloidin for filamen-
tous actin (F-actin) to unravel cytoskeletal rearrangements
induced by synthetic OXT. Due to the effectiveness of the
lower OXT doses in the previous experiments we restricted
ourselves to 100 and 500 nM of OXT. Treatment of
HFSCs with 100 or 500 nM OXT for 10 min significantly
increased F-actin accumulation (Fig. 6A). We detected a
transient drop in F-actin formation 3 h after the onset of
OXT (Fig. 6B), which recovered and even increased above
baseline after 12 h of OXT (Fig. 6C). Those actin fila-
ments termed “stress fibers” represent a calcium-dependent
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Fig.4 Activation of selected OXTR-coupled signaling cascades.
Schematic representation of the experimental procedure (A). Sche-
matic representation of the OXTR and its coupled signaling cascades
(B). Whole cell ERK1/2 phosphorylation is 4—fivefold increased
by 100, 500, and 1000 nM of OXT stimulation for 10 min. This
increase is transient in nature, as no above-baseline phosphoryla-
tion was detected after 3 h or 12 h of OXT stimulation (C). Subse-

process that regulates cellular adhesion, migration and
morphological alterations [48]. Consequently, OXT treat-
ment could transiently downregulate cytoskeletal rear-
rangement processes, which return to baseline and even

@ Springer

quent nuclear activation of CREB by phosphorylation of Ser133 was
detected already 10 min after the onset of 100, 500, or 1000 nM of
OXT stimulation (D). The elongation factor eEF2 is dephosphoryl-
ated, i.e. activated, by 3 h of 500 and 1000 nM of OXT stimulation,
and remains to be active for at least 12 h in the 1000 nM OXT treat-
ment group (E). The presented blots are representative of three differ-
ent immunoblotting (n=3)

above baseline after a “chronic” 12-h treatment with OXT.
This kind of dichotomy in cellular responses to acute or
chronic OXT is in line with our previous findings on behav-
ioral effects of OXT [20, 38, 49, 50].
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Fig.5 Neurite outgrowth in response to OXT, OXTR agonist, and
OXTR antagonist treatment. Hair follicle stem cells elongate their
neurites following treatment with 3 different concentrations of OXT,
over the courses of 10 min, 3 h, and 12 h (A, B, C). Also, a 12 h

Discussion

The increasing prevalence of neuropsychiatric disorders
highlights the importance of introducing disease-specific
models to address the pathophysiology of these disorders
and identify novel, targeted treatments. Recent develop-
ments in stem cell biology have enabled the culture of
patient-derived stem cells that holds enormous potential for
unlocking insight into understanding disease mechanisms
and drug discovery with higher predictability. In this study,
we report the expression of functional OXTR in hair fol-
licle stem cells. Thus, our findings confirm previous reports
of OXTR receptor binding sites in the whisker pad folli-
cles of neonatal mice [51] and prairie voles [52], further
suggesting a role for the neuropeptide OXT in modulating
somatosensory information processing. However, in our
study, we detected the expression of OXTR in stem cells

treatment with the OXTR agonist TGOT resulted in a significant neu-
rite elongation, similar to OXT (D). This OXT-induced effect was
blocked by the OXTR antagonist, L-371,257. Scale bar: 100 pm,
n=210

that migrated from the bulge area of rat whisker pad hair fol-
licles. While we obtained strong evidence for specific OXTR
expression in the HFSCs, this area is not an exhaustive list
of potential areas expressing OXTR. The expression level
of OXTR in HFSC migrated from bulge area of rat whisker
pad was found to be comparable to rat cortical astrocytes
and H32 cells that are known for functional OXTR expres-
sion [53, 54]. HFSCs of the bulge region of adult rats are
ontologically related to the central nervous system and can
differentiate into neurons [55-57] and glial [58-61] cells
through minimum manipulation. Therefore, they have been
studied for over a decade as a therapeutic option in a variety
of animal models of neurological conditions, including spi-
nal cord injury [14, 62, 63], defected sciatic nerve [58, 64,
65], ischemic stroke [16, 17, 66, 67], and vascular dementia
[68]. The unique properties of HFSC, such as multipotency
and expression of OXTR make them a suitable model system
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Fig.6 F-actin dynamic following OXT treatment. Evaluation of
cytoskeletal rearrangement induced by OXT revealed that treatment
of hair follicle stem cells with 100 and 500 nM OXT for 10 min sig-

that can recapitulate several aspects of neuropsychiatric dis-
orders in vitro. Thus, the culture of patient-derived stem
cells is amenable to large-scale experiments and enables
the modeling of individual drug responses. Moreover, once
expanded in vitro, genome editing enables the introduction
of genetic changes in wild-type stem cells. Intriguingly,
these stem cells can form spheroids under appropriate cul-
ture conditions which allows a detailed investigation of the
neurobiological underpinnings of disease states [69, 70]. It
must be noted that albeit OXTR expression was observed in
hair follicle stem cells at both mRNA and protein levels, this
finding does not provide proof of receptor functionality. To
the best of our knowledge, this is the first study that revealed
the functionality of OXTR in these stem cells, i.e., the dem-
onstration of activated downstream signaling cascades by
OXT treatment. The OXT treatment triggered sequential
activation of ERK1/ERK?2 and CREB through increasing
their phosphorylation, which in turn enhance activation of
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nificantly enhance F-actin accumulation (A). While F-actin formation
transiently dropped following 3 incubation, it returns to base line and
over after 12 h treatment. Scale bar: 10 um, n=16

eEF2 via reducing its phosphorylation rate. eEF2 is a GTP-
binding translation elongation factor. It is an essential factor
for protein synthesis. It promotes the GTP-dependent trans-
location of the nascent protein chain from the A-site to the
P-site of the ribosome. The eEF2 dephosphorylation leads
to a conformational change that activates eEF2 and leads to
increased translation of mRNA into protein.

In addition, OXT treatment stimulated neurite outgrowth
in HFSC. In line, Bakos et al. have recently reported the
ability of 1 pM OXT to alter the expression of cytoskeletal
proteins associated with growth of neuronal cones, which
significantly induced neurite elongation in human SH-SY5Y
neuroblastoma cell line [71]. Moreover, OXT affects forma-
tion and elongation of the projections in the human U87MG
glioblastoma cell line [72]. In 2017, Zatkova and colleagues
showed that this effect was mediated by an extracellular
calcium influx accompanied by an increase in scaffolding
protein SHANK expression [73, 74]. However, Meyer et al.
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Fig.7 Schematic representation
of hair follicle stem cells gen-
eration and application to use
as a patient-derived stem cells
model for elucidating disease
mechanism, high-throughput
drug screening, drug testing
and toxicity studies, biomarker
identification and patient strati-
fication
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provided evidence for the ability of OXT-induced calcium
signaling to induce neurite retraction and mitochondrial dys-
function in hypothalamic H32 neural cell line in a dose- and
time-dependent manner [75, 76]. These contradicting reports
on OXT actions on neurite outgrowth might be explained by
cell type-specific effects, or simply by differing OXT con-
centrations used [47].

Our study also provided evidence for the ability of OXT
to induce cytoskeletal rearrangements in HFSC. This mor-
phological alteration is consistent with previous studies that
revealed the specific role of ligands of the OXTR in the
regulation of gene expression of cytoskeletal proteins in
neuroblastoma and glioblastoma cells [77]. Activation of
OXTRs enhances the production of inositol-3-phosphate that
in turn triggers release of calcium from intracellular stores
[78]. This increase of cytosolic calcium and activation of
downstream protein kinases lead to cytoskeletal rearrange-
ments [79]. It has been well documented that OXT regu-
lates neuronal morphology, ATP production and calcium
signaling [76], which are processes that govern neuronal

connectivity. The neuronal connectivity can be compromised
in ASD, which might explain, why some patients benefit
from intranasal OXT treatment [80]. Since the remodeling
of actin cytoskeleton is considered as one critical factor
associated with ASD, several studies investigated whether
cytoskeletal dynamics are functionally altered in cells from
ASD patients. Recently, Griesi-Oliveira et al. evaluated
the regulation of actin cytoskeleton dynamics in stem cells
derived from human exfoliated deciduous teeth of ASD
patients [81]. They suggested that a significant portion of
ASD patients has an abnormal regulation of cytoskeleton
dynamics, as revealed in patient-derived stem cells. Con-
sequently, the ability of HFSC to respond to OXT stimula-
tion through activation of downstream signaling pathways,
neurite length elongation, and actin cytoskeleton remodeling
make them a reliable candidate to model neuropsychiatric
disorders with oxytocinergic system deficiency. This hypoth-
esis gains more support from studies that focus on readily
obtainable cells from individuals with neuropsychiatric dis-
orders. Considering the limited accessibility of patient brain
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biopsies and several challenges of patient derived-iPSCs,
increasing attention has thus turned towards olfactory cells
[82], exfoliated deciduous teeth, and dental pulp stem cells
[83] from living human individuals. These cells offer ex-
vivo and in-vitro neuronal cells from individuals, which har-
bor biological characteristics that probably are more relevant
in the context of psychopathologies than skin fibroblasts or
blood cells [84]. Since HFSC and the two aforementioned
patient-derived cells, share common neural crest origin,
we expect the concordance of these stem cells with olfac-
tory and dental stem cells. It is worth noting that we have
unpublished data showing high transcript levels of OXTR
in human hair follicle stem cells of pubic hair skin biopsies.

Conclusion

Collectively, in this study we demonstrated that hair folli-
cle stem cells isolated from the whisker pad of rats express
functional OXTRs. OXTR stimulation by OXT results in
activation of intracellular signaling cascades, neurite length
alterations, and cytoskeletal rearrangements. Hair follicle
stem cells are ontologically related to the nervous system
and resemble neurons morphologically and phenotypically.
As hair follicle stem cells can be safely obtained from indi-
viduals at large scale, they represent a promising model for
elucidating disease mechanisms, allow high-throughput
drug screening, drug testing and toxicity studies, biomarker
identification, and patient stratification in neuropsychiatric
disorders associated with OXTR dysregulation (Fig. 7).

Abbreviations ASD: Autism spectrum disorder; GAD: Generalized
anxiety disorder; iPSCs: Induced pluripotent stem cells; HFSCs: Hair
follicle-derived stem cells; OXTR: Oxytocin receptor; OXT: Oxytocin;
SNP: Single nucleotide polymorphisms; eEF2a: Eukaryotic elonga-
tion factor 2a
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